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ABSTRACT 

The s o l u b i l i t i e s  of severa l  pure metals and a l loys  i n  l i qu id  potassium 
and l i thium were s tudied as follows: 
ASTAR-811C*, and Ta-0.5Zr; Nb from t he  alloys Cb-lZr and Nb-0.5Zr; Mo from 
t h e  a l loys  Mo-0.5Zr and T M ;  H f ,  Z r ,  W, and R e  fran pure metals; i n  L i ,  Ta  
frm t h e  a l loys  T-111* and A S T A R - ~ ~ ~ C * ;  Hf *an A S T A R - ~ ~ ~ C *  and pure hafnium; 
and Mo, W, and R e  from t h e  pure metals. The solvent  metals were pur i f ied  by 
d i s t i l l a t i o n ,  and were of exceptional purity.  

I n  K, T a  from the  a l loys  T - l l l * ,  

A l l  operations i n  vhich the re  might be danger of contamination of t h e  
high p u r i t y  materials were ca r r i ed  out i n  high vacuum (pressure < 10-6 Torr)  
i n  a complex of interconnected vacuum chambers. 

Apparent s o l u b i l i t i e s  a t  1200°C f o r  the systems s tudied a re  as follows: 

T a  from T-111* 

T a  from ASTAFl-811C" 

T a  f rm Ta-0.5Zr 

Nb from Cb-lZr 

Nb from Nb-0.5Zr 

Mo from Mo-0.5Zr 

H f  from ASTAR-811C* 

H f  ( zone re f ined)  

Z r  (zone re f ined)  

w (vapor deposited) 

R e  

Mo 

MO from TZM* 

wppm i n  K 

7 
7 

5 00 

6 
10 

100 

8 

100 
80 
40 
< 1  

wppm i n  L i  

1 - 3  
1 - 3  

8 
6 

2 

1 

5 

The da ta  are general ly  t o o  sparse and scat tered t o  ass ign  a de f in i t e  
temperature dependence. The resul ts  show conclusively, however, t h a t  t h e  
presence of a ge t te r ing  element ( Z r ,  H f ,  T i )  i n  a r e f r ac to ry  metal very sub- 
s t a n t i a l l y  reduces i t s  apparent so lub i l i t y ,  and t h a t  about $ by weight of 
t he  g e t t e r  i s  needed t o  provide apparent s o l u b i l i t i e s  under 10 wppm. 
s o l u b i l i t y  i n  l i thium i s  s ign i f i can t ly  less than i n  potassium, possibly be- 
cause of t h e  oxygen ge t te r ing  a b i l i t y  of t he  l i thium i t se l f .  

The 

* Alloy Compositions 

T-111: T a  - 8W - 2Hf 
ASTAR-811C: 
TZM: Mo - 0.5 T i  - 0.07 Z r  

Ta  - 8W - 1 R e  - 1 H f  - O.O25C 
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SUMMARY 

To increase t h e  amount of r e l i a b l e  information on the  apparent s o l u b i l i -  
t i e s  of r e f r ac to ry  containment metals f o r  l iqu id  metals a t  high temperatures, 
s o l u b i l i t y  experiments were ca r r i ed  out with l i qu id  potassium and lithium, 
using a number of refractory metal a l loys  and pure metals. The solute-solvent 
systems invest igated were T - 1 1 1  (Ta-8W-2Hf), AsTAR-811C (Ta-8W-lRe-IHf-O.O25C), 
Ta-O.SZr, Cb*-IZ.r, Nb*-O.5Zr, Mo-0.5Zr, TZM (Mo-0.5 Ti -O.OVr) ,  H f ,  Z r ,  W, and 
R e  i n  potassium, and T-111 ( T a - m - Z f ) ,  ASTAR-811C (Ta-8W-IRe-lHf-O.O25C), Hf, 
Mo, W, and R e  i n  l i t h ium.  

The experimental method used emphasized the  pu r i ty  of both so lu te  and 
solvent metals, except i n  the  case of commerclal a l loys.  
sium and l i thium were prepared by ge t te r ing  and subsequent d i s t i l l a t i o n .  
components f o r  a s o l u b i l i t y  experiment were assembled, loaded with l i qu id  
metal, and electron-beam welded i n t o  a vacuum-tight assembl i n  high vacuum 

gas released during t h e  welding operation caused a decade r ise i n  pressure.  
The experimental assembly consisted of a solute crucible,  a sample co l lec tor  
of a d i f f e ren t  r e f r ac to ry  metal, and an outer capsule of molybdenum or T-222 
(Ta-1OW-2Hf) a l loy .  The l i qu id  metal was  loaded i n t o  the  crucible  after t h e  
c ruc ib le  was welded t o  t h e  sample co l lec tor .  Then the  co l lec tor  was  closed 
by welding a cap on it. 
capsule. 
sample crucible,  but a t  the  end of t he  desired t i m e  t h e  whole assembly was 
ro ta t ed  about a hor izonta l  ax i s  out of the  furnace, and t h e  solvent t r ans -  
f e r r ed  t o  the  sample co l lec tor .  
form the  necessary operations i n  t h e  vacuum systems. 

The solvents potas- 
The 

chambers. The pressures i n  t h e  chambers were less than 10- g Torr, except when 

This assembly w a s  f i n a l l y  enclosed i n  a welded outer 
During a s o l u b i l i t y  equi l ibrat ion,  t he  solvent remained i n  the  

High vacuum manipulators were used t o  per- 

A major problem was encountered when the work with l i thium solvent  w a s  
begun. 
dens i ty  of lithium, it was  not possible  t o  carry out t he  t r ans fe r  of solvent 
f r o m  c ruc ib le  t o  co l l ec to r  by a simple inversion of t he  assembly. 
was solved by i n s t a l l i n g  a tungsten ( o r  tantalum) wire along the  ins ide  w a l l  
of t he  c ruc ib le -co l lec tor  assembly, t o  break the  surface of the  l i thium and 
provide a c a p i l l a r y  path f o r  it t o  flow down. 

Because of t h e  combination of t he  high surface tension and t h e  low 

The problem 

Other concerns a f f ec t ing  the  v a l i d i t y  of t h e  experimental r e s u l t s  included 
the  p o s s i b i l i t y  t h a t  so lu te  mater ia l  had vaporized from the  c ruc ib le  onto the  
co l l ec to r  w a l l s  during a welding operation, and t h a t  so lu te  atoms might d i f fuse  
far enough i n t o  the  co l l ec to r  after t r ans fe r  (by gra in  boundary d i f fus ion)  t h a t  
it would not be removed by the  etching procedure used by the ana ly t i ca l  
chemist. The f i r s t  of these  problems was overcome by physical ly  removing a 
layer  of surface from t h e  inside of t h e  co l lec tor  by machining after the  weld 
was made. Careful  analyses of successive skin cu t s  from t h e  ins ide  of both 
used and unused co l l ec to r s  showed t h a t  t he  second problem did not e x i s t .  

V h e  symbol "Cb" i s  used i n  t h i s  repor t  for columbium (niobium) where it i s  
The symbol "Nb" is  used f o r  t h e  pure a cons t i tuent  of a commercial a l loy.  

metal, or where it i s  a const i tuent  of a spec ia l  a l loy .  



For 13 of t he  18 systems studied, four or fewer data  points were taken, 
and for a l l  systems the s c a t t e r  which seems t o  be inherent i n  t h i s  kind of 
experiment was found t o  be present. Therefore, t h e  only system f o r  which t h e  
da t a  permit a calculat ion of a heat of solut ion is  T-111 a l l o y  (Ta-8W-2Hf) i n  
potassium. 
calories per mole. 

The heat of solut ion of tantalum from t h i s  a l l o y  i s  about 9600 

Although the  sparseness and s c a t t e r  of data did not warrant an exhaustive 
treatment of t he  data, a number of important conclusions can be drawn from t h e  
results of these experiments. The addition of a ge t t e r ing  element ( Z r ,  H f ,  or 
T i )  t o  t h e  r e f r ac to ry  metals tantalum and niobium dramatically reduces t h e  
apparent s o l u b i l i t y  of t h e  metal i n  potassium or lithium. The reduction i n  
s o l u b i l i t y  was found t o  be a function of t h e  amount of g e t t e r  i n  t h e  0 - 2 
weight percent range, but it seems doubtful t h a t  greater additions would r e -  
duce the apparent s o l u b i l i t y  more. Except f o r  rhenium, whose s o l u b i l i t y  i s  
jus t  a t  t h e  l i m i t  of ana ly t i ca l  chemistry detection, all solutes  are more 
soluble i n  potassium than i n  l i thium a t  a given temperature. Table I summar- 
i z e s  the r e s u l t s  of t he  experimental program. 

TABU I 

Summary of Results of the Experimental Program 

Solute 

T a  f r o m  T-111* 

Ta  from ASTAR-811C" 

T a  from Ta-O.5Zr 

Nb from Cb-1Zr 

Nb from Nb-O.5Zr 

Mo from Mo-0.5Zr 

MO from TZIP 
H f  f'rom ~m-811c*  
H f  (zone ref ined)  

Z r  (zone ref ined)  

w (vapor deposited) 

Solubi l i ty ,  
wppm i n  K 

log,, S(wpPd = 
IV 

2.099 - 

6 - i o  
500 - 3000 

r 

- b  

i o  - 15 - 190 - 12 

- 100 

60 - loo 
40 - 80 

< 1  

Temp. 
Range 

GOO - 1600 

1200-1600 

1200-1600 

1200 - 1600 

1200- 1400 

1200- 1400 
1400 

900 - 1200 

1200- 1600 

1200-1600 

So lub i l i t y  
wppm i n  L i  

0 - 3  

0 - 3  

6 - 13 

- 6  

0 - 3  
0 - 2  

2 - 15 

Temp. 
Range 

1200 - 1600 

1200-1600 

1200- 1600 

1000 - 1400 

1200 - 1600 

1200- 1600 

1200 - 1600 

* T-111: Ta-8W-Wf 

ASTAR-811C : Ta-8W-lHf-lRe-O.025C 

TZM : Mo-0.5Ti-O.O'jZr 

- 2 -  



INltRODUCTION 

Description 

"Armc of' 

"Puron" 

Triple-pass 
Zone -refined 

The work reported here i s  a continuation and extension of work with high 
p u r i t y  potassium solvent Dreviously reported from t h i s  laboratory (20). The 
purpose of the work was  t o  obtain s o l u b i l i t y  information from selected s o l i d  
metal- l iquid metal systems of i n t e r e s t  f o r  possible application i n  high tem- 
pera ture  l i q u i d  metal heat t r a n s f e r  equipment. 

0 Content 0 Content Ob served 
of Fe of K Solubi l i ty ,  pp m Refer e nc e 

5 10 20 1000 ( 25.1 
400 g - 22 380 ( 8) 

< 8  14 115 (20) 

I n  the previous work, it was found that  t h e  apparent s o l u b i l i t y  of nio- 
bium (columbium) fran a Cb-lZr a l l o y  solute  was about one t en th  that  of nio- 
bium from a t r ip l e -pass  zone-refined s ingle  c r y s t a l  solute  (20). S i m i l a r  r e -  
sults have been noted i n  other laborator ies  i n  t h a t  get tered al loys i n  sealed 
alkali metal capsules and loops have almost invariably shown lower corrosion 
r a t e s  than have the  corresponding ungettered materials.  A s  a r e s u l t  of t h i s  
s o r t  of observation, the  suggestion has been made t h a t  t h e  get tered al loys 
show low metal s o l u b i l i t i e s  because t h e i r  e f f ec t ive  oxygen contents a re  very 
low, and t h a t  even a few ppm oxygen such as is found i n  highly pu r i f i ed  pure 
metals i s  enough t o  cause an appreciable increase i n  t h e  apparent s o l u b i l i t y  
of t h e  metal. That oxygen may p lay  such a ro le  i s  perhaps exemplified by a 
comparison of the apparent s o l u b i l i t i e s  of iron i n  potassium as measured by 
t h r e e  laborator ies .  Table I1 shows t h e  measured values a t  1000°C f o r  three 
p u r i t y  l eve l s  of iron. 
oxygen content of the i ron  i s  t h e  only cause of t h e  differences,  it cannot 
be discounted as a very l i k e l y  cause. 

Although one cannot be c e r t a i n  t h a t  t h e  va r i a t ion  i n  

TABLE I1 
Comparison of I ron  So lub i l i t y  Values i n  

Potassium at  1000 "c 

If, then, t h e  oxygen content of t h e  solute metal does play a major cr 
con t ro l l i ng  r o l e  i n  the  observed s o l u b i l i t i e s ,  t h e  presence of a modest amount 
of a strong oxygen ge t t e r ing  metal should markedly reduce t h e  observed solu- 
b i l i t i e s  of r e f r a c t o r y  metals. The t e s t i n g  of t h i s  t h e s i s  was one of the  im-  
mediate goals of t h e  work reported here. I n  the present study, t h e  equilibrium 
concentration of s eve ra l  r e f r ac to ry  metals i n  potassium and l i thium i n  contact 
with pure metals and a l loys  was measured. A major emphasis was on al loys con- 
t a in ing  oxygen-gettering const i tuents  (Zr ,  Hf, T i ) ,  as i s  seen i n  t h e  following 
l i s t  of t h e  systems which were investigated.  

- 3 -  



In potassium: Tantalum from T-111" 

Tantalum from ASTAR-811c 

Tantalum from Ta-0.5 Z r  

Niobium from Cb-lZr 

Niobium from Nb-O.5Zr 

Molybdenum from Mo-O.5Zr 
Molybdenum frm TZM 
Hafnium from pure hafnium 

Zirconium from pure zirconium 

Tungsten from pure tungsten 

Rhenium from pure rheniua 

In  l i thium: Tantalum f r a m  T - 1 1 1  

Tantalum f'rom ASTAR -8122 

Hafnium from A S T A R - ~ ~ ~ C  

Hafnium from pure hafnium 

Molybdenun from pure molybdenum 

Tungsten from pure tungsten 

Rhenium f r o a  pure rhenium 

So lub i l i t y  experiments with the  r e f r ac to ry  metals l i s t e d  above have been 
car r ied  out i n  l i q u i d  potassium a t  three  laborator ies ,  Prat t  and Whitney 
(CANEL) ( 3,14), Douglas Ai rc ra f t  ( 8 ) ,  and Atonics In t e rna t iona l  ( 2 0 ) .  
I11 shows the  r e s u l t s  published by these laborator ies ,  f o r  s o l u b i l i t y  experi-  
ments with groups IV, V and V I  elements i n  potassium. 
shows t h e  s o l u b i l i t i e s  reported f o r  elements from these  groups i n  l i qu id  
lithium. 

Table 

Table I V  s imi l a r ly  

The data  reported i n  Tables I11 and IV a r e  notable f o r  two major char- 
a c t e r i s t i c s  : Their sparseness and t h e i r  d ive r s i ty .  Factors which contr ibute  
t o  the r a the r  large s c a t t e r  i n  most s e t s  of data,  and the  frequent lack of 
agreement among laborator ies ,  include the  impurity l e v e l  i n  so lu te  and solvent,  
v a r i a b i l i t y  i n  sampling technique, and d i f f i c u l t y  i n  the  ana ly t i ca l  chemistry 
of these systems a t  low so lu te  concentrations. The present work i s  designed 
t o  minimize the  uncer ta in t ies  mentioned, but has not eliminated them, as d i s -  
cussed i n  t h i s  repor t .  However, it has been possible  t o  make some general i -  
zations concerning s o l u b i l i t i e s  i n  l i qu id  potassium and l i thium f o r  metals of 
groups I V ,  V, and V I ,  using t h e  data  from Tables I11 and I V  and t h e  new in-  
formation developed during t h e  course of t he  work reported here.  
e r a l i za t ions  are included i n  a l a t e r  sec t ion  of t h i s  repor t .  

These gen- 

*Compositions and sources f o r  t h e  various mater ia ls  a r e  given i n  Table V .  
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Solu te  

Nb 
-- 

f 

Reference 

3 
3 
3 

Mo 

T a  

i 

T i  

20 
20 
20 
20 

8 
8 
8 
8 

1( 

zr 

8 
8 
8 

TABLE 111 

Solub i l i t y  of Selected Elements i n  Potassium 

1095 
1095 
1095 
1095 

1000 
1000 
1200 
1200 

1225 
1275 
1340 
1375 

1000 
1100 
1200 

800 
900 

1000 
1100 
1200 

1225 
12 75 
13 30 
1340 
1345 

1200 
1300 

I200 
1300 

Oxygen 
Content 

of K 

500 
1000 
3000 
5000 

3.5 -14 
3.5 

3.5 -14 
3.5 

9 
9 
9 
9 

14 
14 
14 

3.5 
3.5 

3.5 -14 
14 
14 

9 
9 
9 
9 
9 

9 
9 

9 
9 

Material 

Nb 
Nb 
Nb 
Nb 

Nb 
Cb-lZr 

m 
Cb-lZr 

Nb 
Nb 
Nb 
Nb 

Mo 
Mo 
Mo 

T a  
T a  
T a  
T a  
T a  

T a  
T a  
T a  
T a  
T a  

L _. 

T i  
T i  

Z r  
Z r  

C ont a i  ner 
Materi a1 

Cb-1Zr 
Cb-1Zr 
Cb-lZr 
Cb-lZr 

Nb 
Cb-lZr 
m 
Cb-lZr 

Nb 
Nb 
Nb 
Nb 

Mo 
Mo 
Mo 

T a  
T a  
T a  
T a  
T a  

T a  
Ta 
T a  
Ta  
Ta  

T i  
T i  

Z r  
Z r  

So lub i l i t y  
WPpm 

7-48 

14 - 72 
2400 -7200 

12-72 

15 - 171 
e 1  

17-72 
6 

1-3 
7-12 
6-11 

13 

3.2-4.3 
1-3-13 

13 1-13 e 9  
----~. .- 

413 
572 

371-2730 
688-2290 

15 50-2880 

9 
8-19 

58-88 
10-806 

61-100 

52-64 

45 - 134 

19-110 
3, 77 
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Solute 

C r  
- 

Mo 

m 

Ta 

1 
Reference 

13 
14 
17 
13 
2 
14 7 

17 
13 
2 
14 
2 
14 

13 
17 
14 
13 

17 
13 
6 

4,5 
14 

5 
14 

13 
13 
3 
3 
3 
5 
4 
3 
13 
3 
3 

13 
13 

4 

’I 

T, “c 
500 
600 
675 
715 
800 
800 
925 
990 

1000 
1000 
I200 
I200 

- 

550 
665 
800 
860 

925 
985 

1000 

1000 
1000 
1200 
I200 

500 
735 
760 
800 

975 
1000 
1000 
1000 

1200 
1425 

- 

1015 

725 
l 0 O C  

S o l u b i l i t  

Oxygen 
Content 

of L i  

2400 

2400 

2400 

2400 

2400 

2400 

2400 
2400 

2400 

2400 
2400 

TABIE IV 
of Selected Elements i n  Lithium 

Source 
Mater ia l  

C r  

C r  
C r  

C r  

C r  
C r  

C r  

C r  

Mo 
Mo 

Mo 
Mo 
Mo 

Nb 
Nb 
Nb 
Nb 

Nb 

Nb 
Nb 
Nb 
Nb 

T a  
Ta 

C ont a iner  
Material 

Fe 

Fe 

Fe 

Fe 

Fe 

Fe 

Fe 

Fe 

Fe 

Fe 
Fe 
Mo 
Mo 
Mo 

Mo 
Fe 
Mo 
Mo 

Fe 
Fe 

S olubi lit y, 
WPm 

90 
11 
15 
130 
1000 

50 
90 

4 30 
11000 

140 
40000 

295 

< 15 
7 
10 

< 25 

15 
140 

1 

< 1  
19 

34 
300 - 1000 

< 30 
80 
26 
2 1  

40 
< 1  
< 1  
31 

900 
42 
66 

19 
1850 

- 6 -  



Solute 

T i  

v 

W 

Z r  

Reference 

17 
13 
14 
17 
4 
5 

14 
13 

13 
13 

13 

15 
13 
15 
13 

5 
4 
4 
5 

4 
T, “c 

720 
730 
800 
845 
900 
900 
1000 
1020 

2 

725 
10 10 

480 
700 
760 
965 
1000 
1000 
1100 
E O 0  

Oxygen 
Content 

of L i  

2400 

2400 

2400 
2400 

2400 

2400 

2400 

TABLE IV (Continued) 

Source 
Material 

T i  

T i  

T i  

V 
v 
W 

Z r  
Z r  

Zr 

Container 
Material  

Fe 

Fe 

Fe 
Fe 

Fe 

Fe 

Fe 

Solubi l i ty ,  
WPm 

10 
345 

8 
10 

140 
140 
15 

3700 

4 

150 
65 

1050 

100 
65 

10000 
250 

300 
300 
1200 
3000 
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EXPERIMENTAL METHOD 

The basic  approach t o  a s o l u b i l i t y  study requires  t h a t  procedures be 
devised for  permitt ing contact of the  so lu t e  and solvent a t  temperature f o r  
a given t i m e  period, followed by sampling of t h e  equi l ibra ted  so lu t ion  at  
t h e  t e s t  temperature. The e n t i r e  amount of solvent removed as sample must 
be analyzed fo r  dissolved solute ,  s ince p rec ip i t a t ion  and segregation take 
place on cooling. 

To meet t h e  requirements of t he  present program, it was necessary t o  
develop procedures which would not jeopardize the  p u r i t y  of the alkali metal 
solvents nor permit oxidation or n i t r i d i n g  of t h e  r e f r ac to ry  metals and 
a l loys  used as so lu tes .  !.dditionally, each experimental un i t  had t o  be 
completely leak- t igh t  t o  prevent loss of solvent by vaporization a t  the  high 
temperatures of t h i s  study. Pn experimental approach which s a t i s f i e s  these 
requirements was  used fo r  an earlier study ( 2 0 ) ,  and much of t h e  same 
apparatus was employed i n  the  current work. 
b r i e f l y  below. 

The approacn i s  described 

To prevent contamination of the  high p u r i t y  mater ia ls  used, most experi-  
mental operations were conducted ins ide  a s e r i e s  of high vacuum chambers. 
The components f o r  each s o l u b i l i t y  experiment were assenibled, and loaded 
with potassium or l i thium i n  the  high vacuum environment, and were then 
sealed by electron-beam welding without removing t h e  assembly fran t he  
vacuum system. The loaded and sealed crucible-col lector  assembly was then 
sealed i n t o  an outer capsule of molybdenum ( o r  of T-222 a l loy  for t h e  1600°C 
t e s t s )  by electron-beam welding. I n  t e s t s  i n  which t h e  vapor pressure of 
t h e  solvent alkali metal w a s  expected t o  exceed a f e w  t ens  of t o r r ,  a small 
amount of potassium or l i t h ium was  placed ins ide  t h e  capsule t o  provide a 
balancing pressure across the  crucible-col lector  w a l l  during the  t e s t  
exposure. The sealed capsule was then heated f o r  t h e  desired t i m e  a t  t he  
t e s t  temperature i n  a furnace i n  a high vacuum system, while being held i n  
an upright posi t ion w i t h  t h e  so lu te  crucible  at the  bottom. P t  t h e  end of 
t he  so lub i l i t y  equ i l ib ra t ion  t i m e ,  the  capsule w a s  swung out of t h e  furnace 
at temperature, and cooled rap id ly  i n  an inverted posi t ion.  The solvent 
metal transfers during t h e  inver t ing  process from the soiute  c ruc ib le  t o  t h e  
sample col lector ,  thereby being e f f ec t ive ly  removed *om contact with t h e  
solute.  

After the  solvent  had so l id i f i ed ,  t he  outer capsule was opened. The 

The cut  was made 
co l lec tor  w a s  separated from t he  so lu te  crucible  by cu t t ing  it with a tubing 
cu t te r  i n  a glove box with a pu r i f i ed  argon atmosphere. 
f a r  enough from t h e  weld region t o  preclude t n e  presence of any s o l i d  so lu te  
metal on t h e  end of t he  separated co l lec tor .  The solvent metal was  then re- 
moved from the  co l lec tor  by melting ( fo r  potassium) or  d i sso lu t ion  i n  water 
( f o r  l i thium). 
remove the  remaining a l k a l i  metal from t h e  co l l ec to r  w a l l ,  and t o  dissolve 
any solute which may have deposited on t h e  metal surface of t he  co l lec tor .  
All washings were combined i n t o  one so lu t ion  and analyzed fo r  t h e  solute .  

The co l lec tor  w a l l  was treated with an etchant ac id  t o  

Detailed procedures used f o r  t h e  experiments with the  two solvents a re  
described below i n  a la ter  sect ion.  Procedures used f o r  t he  analysis  of the  
solvents f o r  the dissolved so lu tes  a r e  given i n  Appendix A. 



Th 

TEST SYSTEM 

environmental t e s t  system described i n  reference (20) w a s  used i n  
t h e  present work. The l i t h i u m  dispensing equipment described i n  the  sect ion 
on potassium and l i thium handling and t ransfer ,  and t h e  new high temperature 
furnace described below were added fo r  these t e s t s .  A number of experiments 
a t  temperatures below 1400 "C were completed using t h e  furnace described i n  
the  reference repor t  before t h e  new high temperature furnace was i n  operation. 
After t he  new furnace w a s  operable, it was used f o r  a l l  runs. 

* The new high temperature furnace 
ha l f  hinged t o  swing forward t o  allow the  t e s t  capsule t o  be swung about a 
horizontal  axis out of t h e  heat zone, and t o  s ea t  i n t o  a water-cooled copper 
s t r a p  quench device. The furnace s h e l l  i s  water-cooled, and packs of t an ta -  
lum rad ia t ion  sh ie lds  are used t o  reduce the  power requirements of t h e  unit. 
The m a x i m u m  temperature of t he  t e s t s  reported here was nominally 16oo0C, 
although the  power supply and t h e  materials of construction were selected 
t o  permit operat i  on a t  1800 "c . 

has a clam-shell design with the  f ront  

The sample pressure capsule seats i n t o  a cup and i s  supported i n  place 
i n  t h e  furnace hot zone on a T-111 a l loy  column which i n  tu rn  i s  mounted on 
a T - 1 1 1  a l l o y  shaf t  a t  the  bottom of the  furnace. Thus, the  ro t a t ion  of t h i s  
sha f t  moves t h e  sample capsule from i t s  tes t  pos i t ion  i n  the  furnace hot zone 
t o  a pos i t ion  below the  furnace a t  which posi t ion t h e  quench device i s  
located. This arrangement i s  qu i t e  similar t o  t h a t  described i n  reference 
( 20). 
furnace w a s  i n s t a l l e d  i n  Chamber jf 4 by t h e  manufacturer and checked out a t  
t h e  fac tory  under conditions simulating very c lose ly  those unrler which it 
w a s  expected t o  be operated i n  the  laboratory. The vacuum chamber containing 
the  furnace was  then shipped t o  t h i s  laboratory f o r  f i n a l  i n s t a l l a t i o n  i n  the  
e nvir  o m e n t a l  t es t  s ys t e m .  

Figure 1 is  a photograph of the  furnace i n  place i n  Chamber # 4. The 

Specif icat ions t o  which the  furnace was purchased, and the  manufacturer's 
proof of performance curve of input vs temperature are shown i n  Appendix B of 
t h i s  repor t .  

The furnace and i t s  vacuum chamber were r e - in s t a l l ed  i n  the  environmental 
t e s t  system and the  manufacturer's representat ives  demonstrated i t s  perform- 
ance and conformance t o  spec i f ica t ions .  
t he  decision w a s  made t o  ca l ib ra t e  each of the W-5Re vs W-26Re thermocouples 
because t h e i r  individual  variance was greater  than w a s  desirable .  A j i g  f o r  
ca l ib ra t ion  i n  place was made. Tne ca l ibra t ion  r e s u l t s  are shown i n  Fig. 2. 
The figure shows t he  thermocouple e m f ' s  p lot ted agatnst  t h e  j m c t i o n  tenper- 
atures as measured by a ca l ibra ted  R- l$Rh VE P t - l M h  thermocouple. 
t h e  curves agree r a t h e r  w e l l ,  and t h e  f i f t h  (81) l i es  a i i t t l e  below t h e  
group. 
ancy with the  others .  
test ,  it was found t o  give unusable r e s u l t s .  However, when the  other f i v e  
individual  thermocouple ca l ibra t ions  were used f o r  t h e  temperature measure- 
ments within the  furnace hot zone, 'the capsule temperature w a s  uniform a t  the  

A s  a consequence of t he  demonstration, 

Four of 

Thermocouple #2, however, was found t o  show a large negative discrep- 
Although i t s  readings were r a t h e r  reproducible i n  the  

*Procured from Centorr Associates, Inc . , Suncook, New Hampshire. 
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Figure 1. High Temperature Furnace, in Open Position, 
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Figure 2.  Cqlibrntion Curves f o r  W-5Re vs - w-26~e Thermocouples. 
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1400 OC l eve l  within the  normally observed thermocouple temperature measure- 
ment uncertainty. 
range because of the  severe d r i f t  of Pt-Rh thermocouples when used above 
14OO0C. Because of t h i s  l imi ta t ion ,  it was necessary t o  ex t rapola te  the  
ca l ibra t ion  curves t o  1600~~. This w a s  done as shuwn i n  Fig. 2 using the  
curvature of t he  manufacturer's standard curve as a guide i n  the  temperature 
range 1400 - 1600 'C . 

The ca l ib ra t ion  measurements were made i n  the  1200-1400 'C 

The thermocouple temperature measurement was used as described f o r  a l l  
experiments with t e s t  numbers below 700. 
thermocouples would not be s u f f i c i e n t l y  durable t o  accommodate a l l  of t he  
planned s e r i e s  of experiments wi th  l i th ium solvent.  
f a i l e d  during the  potassium experiments, and those which remained proved t o  
be t o o  b r i t t l e  t o  permit post-use re -ca l ibra t ion .  

However, it was evident t h a t  t h e  

Several  of t h e  junct ions 

Therefore, f o r  the l i thium s o l u b i l i t y  experiments o p t i c a l  py rme t ry  w a s  
used t o  measure the  equi l ibra t ion  temperatures. Mirrors were i n s t a l l e d  in-  
s ide  t h e  vacuum system at three  posr t ions along t h e  length of the  furnace 
such tha t  a s o l u b i l i t y  capsule i n  t h e  furnace could be observed through a 
Micro-optical pyrometer outside t h e  vacuum system. A movable sh i e ld  w a s  
i n s t a l l ed  t o  cover the  mirrors except when the  pyrometer readings were being 
taken t o  prevent t h e  deposit ion on t h e  mirrors of any mater ia l s  which might 
be vaporized i n  the  hot zone of t h e  furnace during an experiment. The 
o p t i c a l  pyrometer was standardized against  a standard lamp which had been 
c e r t i f i e d  by t h e  National Bureau of Standards*. 
f o r  making readings i n  t h e  high temperature furnace were included i n  the  
o p t i c a l  path during standardization. The pyrometer correct ions shown i n  
Fig. 3 were applied t o  a l l  readings. 

The window and m i r r o r  used 

Vest No. T67298, Atomics In te rna t iona l  Temperature Standards Laboratory 
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MATERIAL PROCUREMENT 

The so lu te  materials used i n  these  experiments can be c l a s s i f i e d  i n t o  
th ree  main groups, pure metals, advanced camnercial r e f r ac to ry  al loys,  and 
spec ia l  a l loys.  Commercial materials were used f o r  sample co l lec tors  and 
outer capsules. The spec i f ica t ions  and/or analyses f o r  these  so l id  metals 
are given i n  Appendix C .  
i s  given i n  Table V. 
solvents  i s  given i n  a later sec t ion  of t h i s  repor t .  

A general  descr ipt ion and source f o r  each material 
A descr ipt ion of t h e  potassium and l i thium used as 

Solute Materials 

Pure Metals - Hafnium, zirconium, and molybdenum were obtained as 
t r i p l e  pass electron-beam zone re f ined  rods. The rods were mechanically 
d r i l l e d  t o  make so lu te  crucibles ,  and chemically t r e a t e d  after d r i l l i n g  t o  
remove machining residues.  A c ruc ib le  fabr icated from rhenium sheet w a s  
used f o r  rhenium t e s t s ,  because of t h e  imposs ib i l i ty  of obtaining a ge t te red  
rhenium a l loy  within t h e  t i m e  and cost  l imi ta t ions  of t h e  pro jec t .  A high 
pu r i ty  tungsten crucible  was fabr ica ted  by pro jec t  personnel by a vapor 
deposit ion process. 
t r o l l e d  fashion on the  surface of a properly shaped mandrel. 

Tungsten hexafluoride was decomposed t o  metal i n  a con- 

Advanced Commercial Refractory Alloys - The two tantalum-based 
a l loys  and one each of niobium (columbium)-based and molybdenum-based a l loys  
were purchased as half- inch rods and machined i n t o  s o l u b i l i t y  crucibles .  
The al loys T - 1 1 1  (nominally 8W-Wf-balance Ta) ,  Haynes Cb-751 (nominally Nb 
with 1$ Zr),  and TZM (nominally 0.5 Ti-O.OPr-balance Mo) were obtained from 
commercial sources. ASTAR-811C (8W-lRe-lHf-0.025C-balance T a )  was provided 
by t h e  program sponsor, NASA-Lewis Research Center. 

Spec ia l  Alloys - It was o r ig ina l ly  planned t o  use spec ia l  a l loys  
of molybdenum, tungsten, tantalum, niobium, and rhenium containing nominally 
1/4 t o  1/2 percent of zirconium as a ge t te r ing  addition. 
rhenium a l l o y  proved prohrbi t ive,  however. The fabr ica t ion  of t h e  tungsten 
a l l o y  in to  a sound bar from which a crucible  could be made was  not possible.  
Therefore the  pure metals described above were subs t i tu ted  f o r  t he  ge t te red  
a l loys  of Re and W.  Rods of tantalum, niobium and molybdenum containing 
about 0.55 Z r  were obtained and fabr ica ted  i n t o  crucibles  by machining. 

The cost  of t h e  

Collector Mater ia ls  

The Mo-1/2 T i  material used f o r  t h e  co l l ec to r  i n  a l l  runs, except when 
ana ly t i ca l  chemistry problems prevented i t s  use, was obtained i n  tubing and 
rod form. Tubing and rod of Cb-lZr w a s  obtained f o r  use i n  experiments i n  
which the so lu te  was Mo, W, or R e .  

CaDsule Materials 

Molybdenum capsules which had been used f o r  t h e  p r io r  program (20) were 
found t o  be reusable f o r  t he  present s e r i e s  of experiments. Su f f i c i en t  cap- 
su l e  caps remained f r o m  the  p r i o r  work. 
Ta) was purchased as fabr ica ted  capsule bodies and caps f o r  1600 “c service.  

T-222 a l l o y  (lOW-2.5Hf-O.OlC-balance 
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TABLE V 

and Capsule Materials 
Compositions and Sources for Solute, Collector, 

Nominal C ompositi on Source Solutes 

H f  

Z r  

Mo 

R e  

100 H f  

100 Z r  

100 Mo 

100 Re 

Materials Research Corp., 
Orangeburg, New York 

Chase Brass and Copper Co., 
Rhenium Division, 
Waterbury, C onn . 
Atomics Internat ional  W 

T - 111 

100 w 
8W-Wf -balance T a  J. T. Ryerson and Son, Inc., 

Chicagq I l l i n o i s  

Cb-1Zr Cb-1Zr Union Carbide Corp., S t e l l i t e  
Division, Kokomo, Indiana 

TZM 0.5Ti-O.OVr-balance Mo C l imax Molybdenum Co., 
New York 

ASTAR - 811C 8W-lRe-lHf-0.025C-balance Ta NASA L e w i s  Research Center 
C leve land, Ohio 

Mo-0 .5Zr  

Nb-0.5Zr 

Ta-0 .5Zr 

Collectors 

Mo-0 .5Ti  

Westinghouse E l e c t r i c  Co., 
Astronuclear Laboratories 
Pittsburgh, Pa. 

Mo-O.5Zr 

Nb-O.5zr 

Ta-0 .5Zr 

Mo-0 .5Ti Northwest Industries,  Inc., 
Albany, Oregon 

Cb-1Zr Union Carbide Corp., S t e l l i t e  
Division, Kokomo, Indiana 

Cb-1Zr 

Capsules 

Mo 100 Mo C l i m a x  Molybdenum Co. of 
M i  chi gan, C oldwater, M i  chi  gan 

T-222 low- 2.5Hf - 0.0 1 C  -balance Ta Wah Chang Corp., 
Albany, Oregon 
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POTASSIUM AND LITHIUM HANDLING AND TRANSFER 

The preparation of t he  u l t r a  pure potassium used i n  t h i s  work i s  des- 
cr ibed in  d e t a i l  i n  reference ( 2 0 ) ,  which includes a discussion of t h e  
f r ac t iona l  d i s t i l l a t i o n  processes used t o  obtain the  high pu r i ty  product. 
A l l  experiments with t e s t  numbers between 600 and 644 were car r ied  out with 
potassium prepared i n  June 1965, and reported t o  contain 3.5 ppm of oxygen 
on t h e  or ig ina l  analysis .  
from which it w a s  del ivered i n t o  the  vacuum system was sampled i n  January 
1967. 
or  an average of 6.5. 
a t  t h i s  oxygen level ,  t h i s  number i s  not s ign i f i can t ly  d i f f e ren t  frm the  
analysis  of the  f i rs t  potassium used from the  extruder.  Frm t h i s  it w a s  
concluded t h a t  the  i n t e g r i t y  of t he  potassium was not degraded by long s t o r -  
age i n  t h e  extruder, and t h a t  t he  concept of using an extruder as a pu r i f i ed  
potassium d i s t i l l a t e  col lector-s torage vessel-dispenser un i t  i s  a sound one. 

The very l a s t  potassium remaining i n  t h e  extruder 

Analysis of dupl icate  samples f o r  oxygen gave r e s u l t s  of 6 and 7 ppm, 
Within ana ly t i ca l  chemical uncertainty for analyses 

After t he  l as t  por t ion  of t h e  previous batch of potassium had been 
sampled, a new batch was prepared. The pu r i f i ca t ion  u n i t  was cleaned by 
running a batch of potassium through t h e  c m p l e t e  pu r i f i ca t ion  procedure t o  
r i n s e  a l l  t h e  i n t e r n a l  surfaces  of t h e  apparatus w i t h  f r e s h l y  d i s t i l l e d  pure 
potassium. 
through the process t o  produce a new batch of pur i f ied  potassium. 
analysis  of t he  potassium i n  the  newly f i l l e d  extruder showed 5 ppm, indica-  
t i n g  t h a t  t he  potassium used i n  a l l  experiments had subs t an t i a l ly  t h e  same 
impurity content. Analysis of t he  d i s t i l l e d  potassium i s  shown i n  Table V I .  
A l l  potassium s o l u b i l i t y  experiments with t es t  numbers below 600 or  above 
644 were ca r r i ed  out with t h e  batch of potassium pur i f i ed  i n  January 1967. 

T h i s  product was then discarded and a second s t i l l  loading put 
Oxygen 

The potassium handling and t r ans fe r  operations were ca r r i ed  out as des- 
cr ibed i n  an  earlier repor t  (20).  
does not jeopardize the  potassium p u r i t y  after t h e  pu r i f i ca t ion  process.  To 
t h i s  end, t he  pu r i f i ed  potassium w a s  extruded d i r e c t l y  i n t o  a high vacuum 
system. The extruded material w a s  cut  with a w i r e  ''cheese cut ter" ,  which 
was then heated by passing an e l e c t r i c  current through it i n  order t o  re- 
lease the potassium fram the  wire by melting. The potassium sees no envir-  
onment other than t h i s  high vacuum, s ince  the  f i n a l  capsule closure weld i s  
made without removing the  p a r t s  from t he  vacuum system. 

I n  br ief ,  t h e  approach used i s  one which 

Four preliminary s o l u b i l i t y  experiments were ca r r i ed  out with hot  
trapped l i thium as the  solvent.  The l i thium was  hot trapped with a zircon- 
i u m  f o i l  ge t t e r  f o r  I26 'r,ours a t  820'~: by the  scpplier*, who a l so  supplied 
,the analysis  given i n  Table V I I .  

A l l  other l i thium s o l u b i l i t y  experiments used highly pu r i f i ed  l i t h i u m  
solvent obtained from t h e  same source. T h i s  l i thium was  prepared by d i s t i l -  
l a t ion .  Table V I 1  shows the  impurity leve ls  as reported by the  suppl ier .  
The analysis  f o r  oxygen i n  l i thium i s  not straightforward, but the  33 ppm 
number reported r e f l e c t s  t he  average of nine analyses from two labora+tories. 
Without a doubt the l i thium which w a s  used i s  t h e  highest  pu r i ty  mater ia l  
avai lable  f o r  s o l u b i l i t y  experiments, and i s  of very high qua l i ty .  

__e_ 

s e n e r a 1  E l e c t r i c  Corp., Missi le  and. Space Division, Cincinnati ,  Ohio 
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: lement 

Ag 
A 1  
B 
B a  
B e  
C 
Ca 
c o  
C r  
cu  
Fe 

Mn 
1% 

TABLE V I  

Analysis of D i s t i l l e d  Potassium Solvent 

lement 

Ag 
A 1  
B 
Ba  
Be 
B i  
Ca 
Cd 
c o  
C r  
cu 
Fe 
L i  

Element 

Mg 
Mn 
Mo 
N a  
N i  
0 
S i  
Sn 
T i  
V 
T a  
Z r  

*ND = not detected, D = detected a t  the  l e v e l  shown 

TABLE V I 1  

Analyses of Lithium Solvents 

Analys i s, wppmK 
Hot-trapped L i  

< 5  
5 

e50 

5 
73 

5 
< 5  
< 5  

28 
5 

e 5  
< 5  

-- 

; leme n t  A nalys i s , wppm* 

Mo 
N 
Na 
Nb 
N i  
0 
pb 
S i  
Sn 
Sr 
T i  
V 
Z r  

D i s t i l l e d  L i  

* With t h e  exception of C y  0, and N, a l l  r e s u l t s  are from emission spectrography. 
The numbers shown represent  t he  minimum concentration of impurity t h a t  could 
have been detected by t h e  method as applied.  
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The l i thium was shipped i n  a s t a i n l e s s  s tee l  cyl inder  which vas f i t t e d  
a t  both ends with bellows-sealed s t a i n l e s s  s t e e l  valves. The shipping con- 
t a i n e r  was connected t o  a small ca l ib ra t ed  volume, which i n  t u r n  was f i t t e d  
t o  a flange t o  replace the  l i gh t ing  window on t h e  top  of Chamber # 1, as 
shown i n  Fig. 4. 
helium gas supply were in s t a l l ed .  

Heaters t o  melt t he  l i thium f o r  transfer, and a pu r i f i ed  

Surface Tension/Density, 
Metal dynes /cm/gm/cu cm 

L i  720 
Mg 360 
Hg 320 
A 1  220 
N a  2 10 
K 120 
Pb 40 

The loading with l i thium of a c ruc ib le -co l lec tor  assembly w a s  accom- 
p l i shed  before it had cooled completely, following t h e  desorption heat ing i n  
t h e  furnace i n  Chamber # 1. While the  furnace temperature was s t i l l  above 
t h e  melting point of l i thium, t h e  c ruc ib le -co l lec tor  assembly was removed 
and held i n  t h e  j a w s  of t he  manipulator so  t h a t  the end of t he  beveled de- 
l i v e r y  tube fYom the  l i thium supply w a s  about 1/4 inch ins ide  t h e  top  of t he  
col lector .  Then the  ca l ib ra t ed  volume was f i l l e d  with l i thium by opening 
t h e  valve between it and t h e  la rge  cylinder,  and applying about 3 p s i a  of 
helium pressure t o  the  top  of t h e  cylinder.  This  valve was then closed, and 
t h e  same helium pressure applied t o  t h e  ca l ib ra t ed  volume. The helium valve 
was closed again, so  t h a t  when the  f i n a l  de l ivery  valve was  opened the re  
would not be a d i r e c t  connection from t h e  helium supply t o  the  vacuum systen;. 
The bubble of helium which remained i n  the  ca l ibra ted  volume from t h i s  pro- 
cedure was su f f i c i en t  t o  push t h e  l i thium out through the  del ivery valve i n t o  
t h e  crucible-col lector  assembly, when t h e  valve was  f i n a l l y  opened. 
a t i o n  was monitored visual ly ,  s ince  it was possible  t o  see the  l i thium pass 
t h e  beveled end of t h e  de l ivery  tube. 
ca l ibra ted  volume was open t o  t h e  vacuum chamber, so when t h e  del ivery valve 
w a s  closed the  apparatus w a s  immediately ready f o r  another loading sequence. 
The f i l l e d  assembly was held i n  Chamber # 1 u n t i l  t h e  l i thium so l id i f i ed ,  and 
was  then passed i n t o  Chamber # 2 f o r  welding. 

The oper- 

After t h e  l i thium had t ransfer red ,  t he  

Early i n  t h e  experience of handling l i q u i d  lithium, it was found t h a t  
t h e  low densi ty  and high surface tension of t h e  material made it d i f f i c u l t  t o  
t r ans fe r  by gravi ty  methods. Specif ical ly ,  it was found t o  be impossible t o  
t r ans fe r  t h e  solvent l i thium from the  so lu t e  c ruc ib le  i n t o  the  sample col lec-  
t o r  by invert ing t h e  assembly a t  temperature following completion of a solu- 
b i l i t y  test, although t h i s  procedure i s  always e f f ec t ive  with potassium and 
sodium. A comparison of t h e  surface tension/density r a t i o s  f o r  a number of 
l i q u i d  metals i s  shown i n  Table V I I I .  
r a t i o s  i n  t h e  tab le ,  t h a t  t h e  simple g rav i ty  method of t r a n s f e r  fa i ls  with 
l i thium. 

It i s  not surpr is ing,  i n  l i g h t  of t he  

Temp. “c 

550 
680 
300 
750 
550 
5 50 
550 
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F i g u r e  4. L i t h i u m  Storage  a n d  Dispensing Apparatus, 
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Three methods of e f f ec t ing  the  t r a n s f e r  of l i thium from the  c ruc ib le  t o  
t h e  co l lec tor  were invest igated.  
t he  experimental capsule w a s  ex te rna l ly  ag i t a t ed  i n  an e f f o r t  t o  break the  
surface of the  lithium, permitt ing it t o  flow. 
surface of t h e  l i thium w a s  broken by using add i t iona l  p a r t s  within t h e  crucible-  
co l lec tor  assembly. 
disadvantage of introducing an addi t iona l  material i n t o  t h e  s o l u b i l i t y  experi- 
ment, but t h i s  was considered a small pr ice  t o  pay t o  insure t h a t  t h e  l i thium 
would t r ans fe r  properly. 

I n  one of these, t h e  solenoid rapper method, 
I 

I n  the  other two methods t h e  

These la t ter  two methods therefore  have the pckent ia l  I 

I Details of these th ree  methods are as follows: 

Solenoid Rapper - A sealed solenoid c o i l  i s  used t o  dr ive  an asma- 
tu re  repeatedly against  t h e  side of t he  capsule, t ransmi t t ing  the  v ibra t ion  ! 

I 

I 
t o  the co l lec tor  ins ide  t h e  capsule. 
f o r  a given length of time. 

The solenoid is  ac t iva ted  ex te rna l ly  

I n t e r n a l  Heavy Metal B a l l  - I n  t h i s  approach, a ba l l  of an i n e r t  1 
metal, e.g., W or R e ,  i s  added t o  the cruc ib le  during the  loading operation. 
When t h e  assembly i s  inverted at temperature at  t h e  end of a s o l u b i l i t y t e s t  
exposure, t he  sphere i s  above t h e  l i thium which adheres t o  t h e  crucible,  and 
falls through it l i k e  a loose - f i t t i ng  pis ton.  I n  theory, t h i s  breaks t h e  
meniscus, i n i t i a t i n g  the  flow of t he  l i thium i n t o  the  co l lec tor .  

I n t e r n a l  Wire - P. wire of i n e r t  metal, e.g., W or Re, placed on 
the  ins ide  of t he  crucible-col lector  assembly, and posit ioned so as t o  be 
nearly touching t h e  w a l l ,  provides a cap i l l a ry  pat'n f o r  t he  l i thium t o  flow 
along. 
but t h i s  should not i n t e r f e r e  with the  attainment of equilibrium between t h e  
solute and solvent.  
t he  wire provides a path down which the  l i thium can flow, because t h e  e f fec-  
t i v e  diameter of t h e  l i thium colunn adjacent t o  the  w i r e  w i l l  be much smaller 
than t h a t  of the crucible ,  and, i n  addition, t h e  head of l i thium w i l l  tend t o  
drive the  metal down along t h e  wire. 
column) i s  given by, h = a/rpg, where 0 i s  the surface tension, dynes/cm; 
r i s  t h e  rad ius  of t h e  column, cm; p is  t h e  f i e l d  density,  gm wt/cu cm; g i s  
the g rav i t a t iona l  constant, 980.7 dynes/@ wt, and h i s  t h e  column height i n  
cm. Therefore, as r i s  reduced h increases,  so  t h a t  t he re  i s  more tendency 
for  t h e  l i thium t o  move along t h e  wire (where t h e  e f f ec t ive  r i s  small) than 
t o  remain bridged across  t h e  la rger  crucible  diameter. 

During t h e  tes t  exposure, t he  l i thium may crawl upward along t h e  w i r e ,  

When t h e  t e s t  i s  complete and t h e  capsule i s  inverted,  

The c a p i l l a r y  r ise ( i n  a cy l ind r i ca l  

Table I X  shows the  r e s u l t s  of tes ts  of these three methods f o r  f a c i l i -  
t a t i n g  the  t r a n s f e r  of l i th ium from t h e  c ruc ib le  t o  

On t h e  basis of these  tests, t h e  i n t e r n a l  w i r e  
rout ine use i n  the  l i thium s o l u b i l i t y  experiments. 
and effect ive,  f a i l i n g  t o  operate successful ly  only 
the t r ans fe r  wire had failed t o  remain close t o  t h e  

t h e  co l lec tor .  

method was chosen f o r  
I t  proved t o  be r e l i a b l e  
i n  one case, i n  which 
w a l l  of t h e  co l lec tor .  
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TABLE I X  

Temp. T 

1350 
1185 
1040 

1040 
1110 

1120 

Lithium Transfer Tests  

Transfer 

34 

16 
90" 
' 98 
> 98 

0 

Transfer  Aid 

Solenoid rapper, 1 minute 

Solenoid rapper, 1/2 minute 

Solenoid rapper, 2 minutes 

Tungsten sphere 

Tmgsten sphere 

Tungsten wire 

*Only 0.25 gm of L i  w a s  loaded, with less than 0.025 gm not t ransferred.  I 

This l a t t e r  amount remained behind i n  t he  t e s t s  i n  which > 9% t ransfer red .  
1 
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SOLUBILITY TEST PROCEDURE 

So lubi  lit y Experiment C omponent s 

The components used f o r  each s o l u b i l i t y  experiment are so lu te  crucible ,  
col lector ,  co l lec tor  cap, capsule, capsule cap, and i n  l i thium experiments, 
a t r ans fe r  wire. 
components f o r  a so luS i l i t y  experiment. 
operations f o r  loading and welding the  components. Typical  crucible-col lector  
assemblies, before being loaded w i t h  solvent metal, are pictured i n  Fig. 6. A 
welded pressure capsule, a f t e r  completion of t h e  loading sequence, i s  shown In  
Fig.  7. Deta i l s  of t h e  operations are given below. 

Figure 5 i s  a c ross -sec t iona l  representat ion of t he  assembled 
The numbers ind ica te  the  sequence of 

Outgassing of Components 

Solute crucibles  were chemically etched after machining t o  remove surface 
contamination. A f t e r  r i n s ing  and drying, t h e  crucibles  were vacuum outgassed 
a t  a temperature about 100°C i n  excess of t h e i r  maximum s o l u b i l i t y  t es t  t e m -  
perature,  and were held at t h i s  temperature u n t i l  t h e  pressure i n  the  vacuum 
system dropped back t o  2 x 10-6 t o r r ,  which was the pressure i n  t h e  system be- 
fo re  heating, After the outgassing furnace had cooled under vacuum, it w a s  
f i l l e d  with an atmosphere of argon i n  a l l  cases.  

The co l l ec to r s  and caps were degreased and then etched i n  a mixed ac id  
solut ion consis t ing of 50 HN03-30 H2S04-20 H20 plus  one drop of HF per 5 m l  
of mixed acid.  This mixture gives a control lable ,  but reasonably rapid,  e tch  
and removes t o o l  marks and surface contamination. A f t e r  r i n s ing  and drying 
with acetone, t h e  co l lec tors  w e outgassed a t  1600-1650Oc under vacuum u n t i l  
t h e  pressure dropped t o  2 x 10% t o r r .  

The molybdenum outer capsules and caps were degreased i n  acetone and then 
out assed under vacuum a t  1800-1900°C u n t i l  the  pressure had dropped t o  2 x 
lo-$ t o r r .  The T-222 a l l o y  pressure capsules and caps were s imi l a r ly  degre sed 
and then outgassed a t  1650-1700~C u n t i l  t h e  pressure had dropped t o  2 x 10- 
t o r r .  This treatment i s  more severe than the  annealing treatment usual ly  
quoted f o r  T-222 - l32O"C f o r  one hour - but s ince t h i s  t e s t i n g  program ca l l ed  
f o r  heating a t  16oo0C f o r  four  hours it was necessary t o  pre- t rea t  the  compon- 
en t s  a t  t he  higher temperature t o  ensure t h a t  there  would be no appreciable 
outgassing during the  s o l u b i l i t y  t e s t .  

A l l  t e s t  components were subjected t o  a fu r the r  heat ing at  350°C i n  the  
desorption hea ter  i n  vacuum chamber #1 immediately p r io r  t o  loading. This 
heating removed any argon or other gas which may have been adsorbed on the  
surface during the  t r ans fe r  of t h e  p a r t s  subsequent t o  the  high temperature 
outgassing. 

! 

The time between the  high temperature outgassing of a l l o y  so lu te  crucibles  
and the s o l u b i l i t y  t e s t  i t s e l f  w a s  minimized f o r  t he  last  half  of the  so lubi l -  
i t y  runs, i n  order t o  reduce t h e  p o s s i b i l i t y  t h a t  metal lurgical  changes during 
t h i s  period could a f f e c t  t he  s o l u b i l i t y  experiments. 
exceed 72 hours f o r  those experiments i n  which it was control led.  

The t i m e  period did not 
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C o l l e c t o r  cap  

C o l l e c t o r  

Licruid meta l  

Liquid metal  
f o r  p r e s s u r e  
e q u a l i z a t i o n  

Sequence of Capsule  Loading Opera t ions  
( a l l  c a r r i e d  ou t  i n  h igh  vacuum) 

0 Load c r u c i b l e - c o l l e c t o r  assembly 
with l i q u i d  meta l  so lven t .  

@ Weld cap  on c r u c i b l e - c o l l e c t o r  
assembly. 

@ Place  l i q u i d  meta l  f o r  p r e s s u r e  
e q u a l i z a t i o n  i n  p r e s s u r e  ca?su le .  

@ Place welded c r u c i b l e - c o l l e c t o r  
assembly i n  p r e s s u r e  cansule .  

@ Xeld cap  on capsu le .  

F igu re  5 .  S o l u b i l i t y  Experiment Components (Cross-Sect ion View), 

F u l l  S i z e ,  Showing Sequence o f  Loading Opera t ions .  
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Crucible -Collect or Welding 

Outgassed so lu te  crucibles  and co l l ec to r s  were electron-beam welded under 
high vacuum t o  produce assemblies l i k e  those shown i n  Fig. 6. 
ence between the  melting points  of t h e  two pa r t s  i s  large,  t h i s  weld i s  more 
properly termed a braze, i n  which t h e  lower melting point  metal i s  fused and 
flows onto the  higher melting point metal. For example, t he  j o i n t  between a 
zirconium so lu t e  crucible  (m.p. 1 8 3 0 " ~ )  and a Mo-1/2 T i  sample co l lec tor  
(m.p. 2 6 0 0 " ~ )  i s  r e a l l y  formed by melting the  zirconium, which w e t s  t h e  
molybdenum a l l o y  and makes a metallic bond with it, perhaps with small amounts 
of intermediate s o l i d  so lu t ion  and in te rmeta l l ic  compound phases. 

If t h e  differ-  

1 
I 

1 

The crucible- to-col lector  welding operation provides a possible  source 

material may vaporize i n  the  weld zone and deposit  i n  the sample co l lec tor .  

< 

of error  i n  s o l u 5 i l i t y  experiments, because of t he  poss ibLl i ty  t h a t  crucible  

The weld l i p  of t h e  so lu te  c ruc ib le  was general ly  on the  ins ide  of the  sample 
co l lec tor  l i p ,  and l ine-of-s ight  evaporation could have caused deposit ion of 

I 

1 
I 

solute on t h e  ins ide  of t h e  co l lec tor .  
solute c ruc ib le  and a Mo-1/2 T i  col lector ,  t he  Mo a l loy  was melted by the  
welding beam and dissolved some of the  T-111  t o  make t h e  seal ,  but t h e  bulk of 
t h e  T - 1 1 1  d id  not melt, although it became qu i t e  hot under the  molten Mo al loy.  
The inner l i p  of T-111 ensured t h a t  t he  molten Mo a l loy  could not flow down 
inside the  crucible.  
should be smewhat lower. 
i a l  is therefore  taken t o  be 2900-2950%, and the  temperature of t he  inner 
w a l l  of the  T - 1 1 1  can be reasonably taken t o  be, say, 2850°K i n  the  v i c i n i t y  
of t h e  weld spot. 
t i o n  source f o r  tantalum, aqd the  evaporation can deposit  tantalum on the  in-  
s ide  of the  co l l ec to r  and the  crucible,  a l so .  

For example, i n  t he  case of a T-111 

The melting point  of Mo i s  2890"K, and t h a t  of the  a l l o y  
The estimated temperature of the molten weld mater- 

Thus, t h i s  spot can be considered t o  be a Langmuir evapora- 

1 

For a tempera ure of 2850%, S t u l l  and Sinke (24) give the  vapor pressure 
of Ta as about 
predicts  an evaporation rate of 1.2 x 
x 0.5 cm = 0.25 sq cm, and a t o t a l  weld period of 10 seconds, the  amount of 
tantalum which would evaporate from a pure T a  surface would be 1.2 x 0.25 x 10 = 
3 micrograms Ta. Since T-111 i s  gC$ Ta, t he  loss  of T a  f r a n  T - 1 1 1  should a l s o  
be about 3 micrograms under these conditions.  This 3 wgm value i s  qui te  sensi-  
t i v e  t o  t h e  t i m e ,  area, and temperature assumptions used. For example, i f  t he  
temperature were 2950% and the  t i m e  w e r e  20 seconds, the  v.p. increases by a 
fac tor  of 3, and the  time by a f ac to r  of 2, s o  t h a t  t he  predicted T a  t r ans fe r  
becomes 18 ugm. To provide experimental ve r i f i ca t ion  f o r  t h i s  hypothesis, 
experiments were ca r r i ed  out i n  which a tungsten rod was  inser ted  i n t o  the  
sample co l lec tor  during t h e  welding process, and subsequently chemically etched 
and t h e  so lu t ion  analyzed f o r  tantalum. 
of Ta - from a few micrograms t o  severa l  t ens  of micrograms - could be recover- 
ed fYom t h e  tungsten shield.  
experiments included a skin-cut machining operation on the  ins ide  of t he  co l l ec to r  
following t h e  crucible- to-col lector  weld. 
through the  open end of t h e  co l lec tor ,  s ince the  cap had not yet  been welded 
on (see Fig. 5 ) .  
t o  t h e i r  co l lec tors  a re  discussed i n  the  "Results and Discussion" sec t ion  of 
t h i s  repor t .  

a t m ,  and the  Langmuir equation for the  evaporation of Ta( g) 
gm/sec sq. cm. For a spot 0.5 cm 

It was found t h a t  appreciable amounts 

Therefore the  rout ine  procedure after these 

This machining was e a s i l y  performed 

Specif ic  problems i n  the  joining of sane cruc ib le  mater ia ls  
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Loading of Potassium 

The potassium loading procedure was e e n t i a l l y  the same as t h a t  described 
i n  Reference 20. After removal frm the  desarption heater, t h e  crucible-collec- 
t o r  assembly w a s  placed upright i n  a fixture on the  f loo r  of t he  vacuum chamber. 
The loading funnel, which had been heated wel l  above the  melting point of 
potassium, was  placed i n  the  co l lec tor .  Then about two grams of potassium was  
extruded, cut  of f  with the  hot-wire cut ter ,  and dropped i n t o  the funnel, 
through which it ran  i n t o  the  crucible-collector assembly. 
removed and the  potassium permitted t o  sol idify.  
(about 1/4 gram) w a s  placed i n  the  outer capsule by a s i m i l a r  procedure, t o  
equalize the pressure ins ide  and outside the  crucible-col lectar  assembly. 
cause of t h e  l a rge r  diameter of t he  capsule the heated funnel  was not needed 
f o r  t h i s  latter operation. 

The funnel was then 
A small amount of potassium 

Be- 

A l l  p a r t s  ( loaded crucible-col lector ,  capsule with small amount of potas- 
sium, and caps for both) were then passed through the  high vacuum gate  valve 
i n t o  chamber ,#2, t h e  welding chamber, i n  which t h e  cap w a s  welded onto the  
col lector ,  and the  sealed crucible-col lector  assembly was placed i n  t h e  pres-  
sure capsule. 
was then ready fo r  t h e  s o l u b i l i t y  equi l ibra t ion  a t  temperature. 

Loading of Li th ium 

Then the  capsule cap was  welded i n  place. The sealed capsule 

The loading of a crucible-col lector  assembly with l i thium di f fe red  from 
t h e  procedure far potassium i n  t h a t  the  lithium was  t ransfer red  as l i qu id  f rm 
t h e  supply cylinder t o  t h e  s o l u b i l i t y  assembly, as described i n  a p r io r  sect ion.  
I n  addi t ion no l i th ium was added t o  the  pressure capsule body (outs ide the  
crucible-col lector  assembly) because the  vapor pressure of l i t h i u m  i s  not so 
great at the  test temperatures t h a t  t h i s  measure is necessary t o  prevent the  
swelling of t he  crucible-col lector  assembly. 
t h e  crucible,  and has so l id i f ied ,  t h e  closure welds are completed i n  t h e  same 
manner as f o r  t h e  potassium experiments. 

After the  l i t h i u m  i s  loaded i n t o  

Equi l ibra t ing  a t  Temperature 

The welded s o l u b i l i t y  capsule was i n s t a l l ed  i n  t h e  high temperature fu r -  
nace i n  an upright posit ion,  as seen i n  Fig. l, and the  movable half of the  
furnace swung i n t o  place. 
i n  t he  vacuum system was reduced t o  t h e  low 
the  capsule reached t h e  desired equi l ibra t ion  temperature. 
equi l ibra t ion  t i m e ,  the  p w e r  was turned off,  the furnace opened, and the  
capsule inverted by r o t a t i n g  it out of t h e  furnace i n t o  t h e  c h i l l  t rap,  a l l  i n  
r ap id  sequence. When t h e  furnace had cooled suff ic ient ly ,  t h e  vacuum system 
w a s  f i l l e d  with argon and the  capsule removed for  opening. 

Preparing for Analyt ical  Chemistry 

Power t o  the  furnace was turned on when t h e  pressure 
t o r r  range. Timing was  begun when 

A t  t he  end of t h e  

The f i rs t  s t e p  i n  preparing s o l u b i l i t y  runs f o r  chemical analysis  w e s  tc 
cut  open t h e  outer capsule i n  order t o  remove the crucible-col lector  assembly. 
This was done by machining away t h e  capsule closure weld. For experiments 
using potassium solvent, t h e  inner assembly was then ca re fu l ly  washed w i t h  
water t o  remove potassium t h a t  adhered t o  t h e  outside of it. The e n t i r e  
crucible-col lector  assembly, s t i l l  sealed, was then given t o  the  ana ly t i ca l  
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chemist. 
with a tubing cu t te r ,  i n  a pu r i f i ed  argon glove box, with t h e  cu t  made s u f f i -  
c i en t ly  far from the  weld area t o  preclude t h e  presence of any of t he  c ruc ib le  
mater ia l  i n  the cut-off portion. The co l lec tor ,  containing the  lithium, was 
then heated on a hot p l a t e  i n  the  glove box u n t i l  t he  l i thium melted a d  t h e  
sample transfer wire could be removed. 
l i thium was allowed t o  so l id i fy .  The co l l ec to r  was then placed i n  a conica l  
f l a s k  which was closed with a rubber stopper, and given t o  t h e  a n a l y t i c a l  

For experiments using l i thium solvent,  t he  co l lec tor  w a s  cu t  off  

Af'ter t he  w i r e  w a s  removed, t h e  

chemist. Analyt ical  methods employed are described i n  Appendix A. \ 

It has been suggested t h a t  t h e  apparent s o l u b i l i t i e s  measured might be 
low because so lu te  atms could d i f fuse  along g ra in  boundaries i n  the  co l lec tor  
t o  such as extent  t h a t  t he  rout ine  etching procedure used i n  the  ana ly t i ca l  
chemistry would not remove it a l l .  
l imited t o  t h e  time during which t h e  sample i s  being quenched.) To tes t  t h i s  
hypothesis, l a the  cuts  of about 0.001" were taken on t h e  i n t e r n a l  surface of 
two Mo-0.5 T i  co l l ec to r s  which had been used i n  tantalum experiments, and one 
unused co l lec tor .  
th ree  sequent ia l  cu ts  on each of t h e  th ree  co l lec tors .  I n  addition, a s o l i d  
piece of unused co l lec tor  w a s  analyzed. 
a spark source mass spectrometer. The r e s u l t s  a r e  shown i n  Table X.  

(This d i f fus ion  period i s  e f f ec t ive ly  

This w a s  repeated t o  co l l ec t  nine samples of turnings,  

These t e n  samples were analyzed using 

The in t ens i ty  of t he  tungsten l i n e  was  used as an i n t e r n a l  standard i n  
t h e  analysis.  The presence of appreciable amounts of Nb, Z r ,  and H f  i n  
smple  C - 2  ind ica tes  contamination after t h e  machining operation, and t h e  high 
tantalum number must therefore  be a t t r i b u t e d  t o  contamination. A comparison 
of the other r e s u l t s  ind ica tes  no evidence t h a t  tantalum has penetrated i n t o  
t h e  co l lec tor  surface.  The amount of tantalum found i n  t h e  cu ts  from t h e  two 
col lec tors  (#37 and #38) are no higher than t h a t  i n  the  s o l i d  molybdenum 
piece or  the  f i rs t  and t h i r d  cu ts  from t h e  unused co l l ec to r  (C-1 and C - 3 ) .  
It therefore  seems very unl ikely t h a t  reported s o l u b i l i t i e s  might be l o w  be- 
cause of loss of tantalum i n t o  the  co l l ec to r  material. 
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TABU X 

Spark Source Mass Spectrometer Analysis of Samples from t h e  

I n t e r i o r  Surfaces of Mo-0.5Ti Sample Collectors 

~ 

Sample 

s o l i d  Moly Piece 

38-1 
38-2 

38-3 
37-lH 
37-2 
37- 3 
c - 1  
c -2** 

c -3 

T a  

2.3 - 7.7 
2.8 - 6.2 

3 *6 
0.62 

- 1  
2.6 - 4.3 

4.7 - 16 
0.6 - 0.9 

58 - 170 
2.5 - 3.8 

P a r t s  I 

W 
80 
00 
00 
80 
80 
80 
80 
80 
80 
80 

r mill ion (weight) 

Nb 

n.d.* 

n.d. 

n.d. 

n.d. 

-1  - 300 
n.d. 

n.d. - 
n.d. 

Z r  

n.d. 

n.d. 

n.d. 

n.d. 

- 1  

n.d. 

n.d. 

n.d. - 300 
n.d. 

IIf 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

n.d. 

13 - 21 

n.d. 

* n.d. = not detected i n  ppm amounts 

* T!ie Who r a t i o  i n  t i i s  sample w a s  s ign i f i can t ly  l a rge r  than w a s  observed 
i n  the  others.  However, t h e  r a t i o  of tungsten t o  t h e  l is ted metals i s  
e s s e n t i a l l y  t h e  same as w a s  observed for the other samples. 

**he amounts of Nb, Zr ,  and H f  i n  t h i s  sample indicates  gross contamina- 
t i o n  i n  some s t e p  of t h e  machining and handling process. 
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ANALYTICAL PROCEDURE DEVELOPMENT STUDIES 

A s  so lub i l i t y  experiments progressed, it became apparent from the  s c a t t e r  
of t!ie data and the  poor ana ly t i ca l  reproducib i l i ty  f o r  tantalum, t h a t  some 
refinement of t he  ana ly t i ca l  method f o r  t h i s  element was required.  

The spectrophotometric method o r ig ina l ly  reported by Luke (18) u t i l i z e d  
the  color developed by tantalum with phenylf luorone ( 2,3,7 - tr ihydroxy - 
9 phenyl - isoxanthene - 3 - one) which exh ib i t s  an absorption m a x i m u m  a t  530 nm. 
Luke's method involves the  following s teps :  

1. Evaporate an a l iquot  port ion of tne sample so lu t ion  t o  dryness i n  a 
water bath . 

2. 

3. 

Take up i n  an ac id  mixture and ex t r ac t  with methylisobutylketone. 

Evaporate met3ylisobutylketone ex t r ac t  t o  dryness. 

4. Fume w i t n  HNO and HC104.  

5 .  
3 

Add reagents f o r  development of colored tantalum-phenylfluorone com- 
plex, and read after 30 minutes a t  530 nm on a spectrophotometer. 

Luke studied t h e  method using 0, 40, 80 and I20 pg of Ta .  
i n t e r f e re s  because t h e  Mo-phenylfluorone complex reportedly exhib i t s  an absorp- 
t i o n  maximum a t  565 nm. 
complex up t o  1 mg of Mo el iminates  the  Mo interference,  according t o  Luke. 
Additional Mo must be removed by a hexone ex t rac t ion  of t h e  Ta-F complex. 

The presence of MO 

The addi t ion of EDTA p r io r  t o  co lor  development t o  

T h i s  method w a s  v e r i f i e d  a t  A I  over t he  range 0-50 pg T a  i n  samples con- 
H i l l  (9)  reported Luke's method t o  be unre l iab le  f o r  ta in ing  up t o  50 mg Mo. 

l e s s  than 40 pg of T a  due t o  T a  loss  during Luke's evaporation s teps ,  and he 
developed a modified ana ly t i ca l  scheme which avoided t h e  strong evaporation 
s tep .  
T a  t o  about k 5% ( r e l a t i v e )  a t  10 pg. 

H i l l ' s  modifications t o  Luke's method permitted determination of 2-50 pg 

Attempts t o  ver i fy  H i l l ' s  data  have provided an in t e re s t ing  and reveali-ne; 
s e r i e s  of observations. 
study t h a t  a t  l e a s t  one hour i s  necessary f o r  optimum color development as 
opposed t o  30 minutes as reported by Luke. 
t h e  quant i t ies  of reagents (and i n  the  spec i f ied  order j  i s  required t o  obtain 
a meaningful and reproducible blank. The previous d i f f i c u l t y  can probably be 
a t t r i bu ted  t o  s l i g h t  var ia t ions  i n  reagent quan t i t i e s  which could a f f e c t  the 
overal l  equilibrium of t h e  system. Phenylf luorone exhib i t s  an extremely 
strong absorption band a t  490 nm and t h e  shoulder of t h i s  band exer t s  an in -  
fluence a t  530 nm. The absorption spectrum w a s  not described or discussed by 
Luke or H i l l .  If t h i s  contr ibut ion of t h e  "shoulder" a t  530 nm i s  not a con- 
s t a n t  influence, then poor ana ly t i ca l  r e l i a b i l i t y  must r e s u l t .  Improved r e l i a -  
b i l i t y  might be gained a t  the  expense of s e n s i t i v i t y  by reading a t  560 nm, if 
t h e  Mo ex t rac t ion  is  complete( and/or i f  EDTA complexes any remaining Mo). 

I n  agreement with H i l l ,  it w a s  found i n  the  present 

Precise  and exact r ep l i ca t ion  of 

H i l l ' s  publ icat ion (9 )  provided t h e  bas i s  f o r  t h e  work described below t o  
determine the precis ion of measurements i n  t h e  0-10 microgram tantalum range, 
and t o  discern t h e  extent,  if any, of interferences caused by t h e  presence of 
molybdenum or  l i thium. 
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To t h i s  end a series of "standard curves" was prepared as follows: 
tantalum only, ( 2 )  tantalum plus  molybdenum, (3)  tantalum plus lithium, and 
(4)  tantalum plus  molybdenum plus  l i thium. I n  each case the  solut ions were 
ca r r i ed  completely through the  phenylfluorone method. 
by ana lys i s  of variance techniques which look a t  tne  regression l i n e s  drawn 
through each s e t  of data  and the  s ing le  l ine drawn through the pooled points.  
By determining the  sum of squares of deviations from the  bes t  l i n e  through 
a l l  t h e  data,  from the  bes t  l i ne  through the individual  sets with a pooled 
estimate of t he  slope, and from the  bes t  l ine  through t h e  individual  s e t s  each 
with i t s  own slope, one can examine the  r a t io s  of these  sums of squares at the  
appropriate degrees of freedom and apply an F t e s t  t o  determine any s i g n i f i -  
cance. A s t a t i s t i c a l  analysis  of t h e  results of these experiments i s  given i n  
Appendix D .  

(1) 

The data  were t r ea t ed  

The experimental da ta  demonstrate tha t  i n  the  0-10 pg T a  range essent i -  
a l l y  complete recovery i s  e f fec ted  using extract ion methods, and i n  cases 
where Mo co l l ec to r s  and L i  solvents are involved, standard curves prepared 
from impuri t ies  of t he  same order of concentration as the  samples can be 
expected t o  y ie ld  a -I 1 pg uncertainty (954 confidence l e v e l ) .  
i s  t h a t  expected f o r  aqueous solut ions of tantalum i n  t h i s  concentration range. 
When t h e  uncer ta in t ies  associated with the rest  of the  so lub i l i t y  measuring 
technique ( e .  g. ,  thermal equi l ibrat ion,  solvent t ransfer ,  co l lec tor  cut t ing,  
and a l k a l i  metal d isso lu t ion)  are included, t h e  uncertainty f o r  a spec i f i c  
measurement of tantalum concentration is  about f 3 ppm. 

T h i s  uncertainty 
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RESULTS 

I n  t h i s  section, t he  r e s u l t s  of t he  s o l u b i l i t y  experiments are discussed , 
by individual solute-solvent combinations, with the  potassium work first,  
followed by t h e  l i thium work. 

T - 1 1 1  i n  Potassium I 

I The r e s u l t s  of experiments with T-111 a l l o y  solute  crucibles, and Mo-1/2 
T i  sample collectors,  with potassium solvent, are shown i n  Table X I .  
points  are plot ted i n  Fig. 8, with the  exception of runs #6O7 and #6E, which 
are considered unreliable.  The crosses (+) represent experiments ca r r i ed  out 
i n  t h e  f i r s t  series, before the development of t he  improved ana ly t i ca l  method 
f o r  tantalum and before the sample co l l ec to r ' s  i n t e r n a l  surface was  rou t ine ly  
machined after welding. 

sample col lector  during welding, but t h e  analysis  for tantalum i n  t h e  potassium 
was carr ied out by the unimproved method. 
c i r c l e s  are fram experiments i n  which tantalum deposited during welding was 
mechanically removed f r o m  the col lector  surface before loading with potassium, 
and the improved tantalum ana ly t i ca l  method was  used. 
described by t h e  equation log S(wppm T a  i n  K )  = 2.099 - 2090/I'( %), t h e  slope 
of which yields  a heat of so&ion of about 9600 ca lo r i e s  per mole. 
curve were drawn through t h e  crosses (+), excluding # 637, i t s  slope would be 
very n e a r l y t h e  same as t h a t  fo r  t he  curve shown. 

1 These 

I 

The two points denoted ( X )  are experiments i n  which 
a tungsten sh ie ld  prevented the  deposition of tantalum on the  surface of the 4 

The fau: points  denoted by open 

The curve shown i s  

If a 

I n  an attempt t o  determine whether or not t h e  presence of a pure ge t t e r  
surface i n  the  vapor space above the  potassium would have any e f f e c t  on the  
apparent s o l u b i l i t y  of tantalum from t he  alloy, an experiment was run i n  which 
the re  was a hafnium sect ion inser ted between the  T-111 solute  crucible and the  
Mo-1/2 T i  col lector .  The welded assembly is  shown i n  Fig. 9. The hafnium 
section was about 3/4 inch long, and was salvaged from t h e  hafnium crucible  
used i n  tes ts  #6O9, $%21, and #641. Problems encountered with the hafnium 
crucible i n  these tests are discussed below. 
with T-111  solute, some d i f f i c u l t y  w a s  experienced i n  making the  compasite 
crucible-collector subassembly, but it proved t o  be helium leak t i g h t  a t  t h e  
time the potassium was loaded. However, after t h e  test it was  found t h a t  a 
leak had developed i n  the  hafnium w a l l  and a large f r ac t ion  of t h e  potassium 
had escaped frm inside t h e  crucible.  

I n  using the  hafnium i n  t h e  t e s t  

Therefore, t h e  sample was not analyzed. 

~ s ~ m - 8 1 1 ~  i n  Potassium 

The r e s u l t s  of three experiments with ASTAR-811C solute  crucibles and 
Mo-1/2 T i  sample collectors,  with potassium solvent, are shown i n  Table X I I .  
The tantalum analyses used the  unimproved ana ly t i ca l  technique, and t h e  tes ts  
were run before the measures t o  prevent vapor deposition of solute  during t h e  
welding process were in s t i t u t ed .  Therefore the  conclusion t h a t  can be drawn 
from the data i s  t h a t  t h e  s o l u b i l i t y  of tantalum *om the  a l loy  i s  i n  t h e  
6 t o  10 wppm range over t h e  temperatures of these experiments, with no defin- 
able  temperature dependence from these data. 
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Test  No. 

42 1 
-- 

612 
6 14 
6 1.9 
783 
785 

6 18 
607 
608 
784 

788 
637 
633 
427 

789 
- 

1.65 
1.60 
1.70 
1.68 

T!BU X I  

Concentration of Tantalum from T-111 A1loy)c i n  Potassium 

15.8 
9 

38 
23 

13 .o 

~~ 

Temp., "C 

I200 
I200 
1200 
I200 
1200 
1200 

1329 
1382 
1382 

1600 
1608 
16 13 
16 15 

1400 

Time, hr .  

4 
4 
4 
4 
4 
4 

4 
4 
IC 
4 

4 
4 
4 
4 

Control a t  I2 bgm Ta  

K, gn 

1.62 
1.37 
1.58 
2.1 
1.4 
1.2 

1.85 
1.87 
2 .o 
2 .o 

1_- 

Ta, P& 

7 
46 
23 
33 
9 
6.5 

- 

37 
< O  
47 

8.2 

* Nominal compositions for a l l  so lu tes  a re  given i n  Table V. 

4.3 
39.0 
14.7 
15 95 
6.5 
5 -4 

19.8 
Negative Result  

24 
4.1 

9.6 
5 *6 

22.3 
13.7 

Tantalum-O.$ Zirconium i n  Potassium 
-I_--_I-- 

The r e s u l t s  of e ight  experiments with a noninal Ta-l/$ Z r  a l l o y  and 
Mo-1/2 T i  sample co l lec tors ,  with potassium solvent, are shown i n  Table X I I I .  
The tantalum analyses used the  unimproved ana ly t ica l  technique, and the  tes ts  
were run bcfere t'ne measures t o  prevent vapor deposit ion of so lu te  during the  
welding process were in s t i t u t ed .  
fusing. Some of these  samples were analyzed concurrently with some of those 
from T - 1 1 1  and ASTAR-811C runs i n  which only a few micrograms of T a  were 
found. 
wide var ia t ion  i n  apparent so lub i l i t y .  

The very >ride spread of t he  data  i s  con- 

Two d i f f e ren t  crucibles  were used, bu t  both of them showed t h e  same 
The t e s t s  were run i n  numerical order, 
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TBLE xIIr 
Concentration of Tantalum from Ta-.O.5$ Zr k l loy  i n  Potassium 

-__ 
Test No. 

60 1 
60 3 

224" 

626 

635 

219* 

627 

--- 
Test No. 

6 30 
633. 
639 
647 
640 
62 3 
624 
644 

-___- 

__-_I_ 

_-I----- -- 

6.5 

6 

13 .o 
12.4 

Cb-IZr 1390 8 2.27 not detected < 1 

Solute 

1.53 9.4 
1.56 8.0 

Cb-1Zr I200 
Cb-1Zr 1382 4 

C b -  1Zr I 2  40 4 1.84 11 

Nb-0.5Zr 1200 4 1-95 19.6 

Nb-0.5Zr 16 I)+ J+ 1.75 3 36 
Nb-0.5Zr 1h 17 4 1.55 19- 3 

- - I.----------- 

-- 
Temp, "C 

1197 
1198 
1202 
1203 
1205 
1222 
142 1 
1631 
-- -- 

4 
1 
4 
0 -5 
0.5 
4 
4 
4 

1.75 
1.60 
1-95 
1.95 
1.72 
1.95 
1.82 
1.98 

and it i s  seen tha t  there  i s  no r e g u l a r i t y  i n  the  amount of tantalum found 
with t e s t  sequence. The general izet ion may be drawn, however, t h a t  the  solu- 
b i l i t y  of tantalm from t'nis a l loy  i s  s ign i f i can t ly  grea te r  t h a n  t h a t  from 
e i ther  of t h e  more highly get tered a l loys  T - 1 1 1  and f i s ~ ~ I - 8 1 1 ~ .  

Niobium-Zirconium Alloys i n  Potassium 
___I_-__ -_-__-_ ---- _.- 

The r e s u l t s  of experiments wi th  two niobium-zirconium al loys,  Cb-IZr 
commercial a l l o y  and Nb-O.5$ Z r ,  and Mo-1/2 T i  sample co l lec tors ,  v i t h  potas- 
sium solvent,  a r e  shown i n  Table XIV. The da ta  a r e  not su f f i c i en t  t o  shov a 
well-defined temperature dependence. The apparent s o l u b i l i t y  of niobium from 
t h e  l$ zirconium a l l o y  i s  about 6 ppm i n  t h i s  temperature range, and t h a t  
from t h e  0.55 a l l o y  somewhat higher. The data suggest t h a t  the s o l u b i l i t y  i s  
dependent t o  a degree on t h e  amount of ge t t e r ing  const i tuent  ( Z r )  i n  t he  
al loy.  

TABLE XIV 
Concentration of Niobium from Niobium-Zirconium Alloys i n  Potassium 

*Xarlier experiments, reported i n  Reference ( 20). 
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Molybdenum-Zirconium A l l o j z  i n Potassium 
-_-_I---c---__-- 

T h e  r e s u l t s  of two expcrimcnts with each of two molybdenum-z i r c o n i u i  
a l loys ,  Mo-0.5';; Z r  and TZN, and Cb-LZr sample co l lec tors ,  with potassium 
solvent, are s!iovn i n  Table XV. T h e  data  are in su f f i c i en t  t o  show :nore than 
t h a t  t h c  c m n e r c i a l  TZM al loy,  which has O.$ T i  as well as O.O@ %r, i s  less 
soluble than the spcc ia l ly  prcpared 0.55 Z r  a l loy .  
( R e f .  (20))  show from 1.3 t o  13.3 wppn 130 dissolved i n  potassium fron p x e  
molybdenum crucibles  i n the  1000--1200 "C ranee. 

Resul ts  of earlj.er vork 

TJBLI;: XV 

Concentration of Molybdenum frm Mo-Zr and Mo-Ti-Zr Alloys 
i n  Potassium 

_I___. l_l__- 

T e s t  N o . 7  Solute 

791 
79'1 

TZM 
TLM 

Rhenium i n  Potassi-m 

1203 
13w 
14 10 
1400 

I_--_ 

K, fYn 

1.62 
1.74 
2.35 
2.20 

The r e s u l t s  of four  cxperjments with a rhenium so lu te  crucible  and Cb-17,r 
sample co l lec tors ,  v i t h  potassium solvent, are shown i n  Table XVI. Rhenium w a s  
undetected a t  the  1 wppm leve l  i n  any experiment. The ac tua l  s o l u b i l i t y  may be 
much below t h i s  level, which i s  the  l i m i t  of the  ana ly t i ca l  chemistry procedure 
used. Rhenium i s  the  least soluble of any solute  studied i n  t h i s  program. 

TABE XVI 

Concentratl on of Rhenium i n  Potassium 

Hafnium in  Potassium --- 

The r e s u l t s  of th ree  experiments with a hafnium so lu te  crucible  and Mo- 
1/2 T i  sample co l lec ta rs ,  v i t h  potassium solvent, are shown rn  Table XVII. 
The data are not su f f i c i en t  t o  descrtbe a temperature dependence, but it I s  
seen t h a t  hafnium i s  apparently soluble i n  the 100 wppm range i n  potassium i n  
the 1200-1400 "C temperature range. 
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TAB= XVII 

T e s t  No. 

609 
621 
641 

Concentration of Hafnium i n  Potassium 

Temp., .C Time, hrs K, gm Hf, FL€P Hf, Wppm 

1200 4 1.41 166 118 
1373 4 1.70 175 10 3 
1387 4 1.9 91 48 

The exposures of the  H f  samples were i r r egu la r  i n  t h a t  when each of the  
capsules was opened, the crucible  was  found t o  have expanded out against  t he  
inner  w a l l .  
H f  i n  order t o  recover the  crucible-col lector  subassembly. Figure 10 shows 
the subassembly *om Run KO9 after the machiniIg operation. 
pared t o  t h e  Hf-(Mo-0.5 T i )  weld of Fig. 11. The H f  i s  c l e a r l y  expanded but 
the  Mo-0.5 T i  i s  not. The reason f o r  t h i s  i s  thought t o  be that during t h e  
quenching period, t he  capsule w a l l  cools faster than the  crucible-col lector  
subassembly with the  r e s u l t  t h a t  t h e  vapor pressure of t he  potassium outside 
t h e  crucible-col lector  i s  momentarily lower than t h a t  ins ide  the subassembly. 
If the  crucible  i s  a weak mater ia l  such as sof t ,  single c r y s t a l  hafnium, it 
cannot resist the  pressure difference s o  it expands outward against  t he  cap- 
su l e  wall. Support for t h i s  hypothesis 
i s  found i n  the  observation t h a t  i n  a l l  three  H f  runs, the crucible  was  ex- 
panded f i rmly  against  the  capsule w a l l .  

It w a s  necessary t o  machine t h e  molybdenum capsule away f r o m  t h e  

This can be com- 

The stronger Mo-1/2 T i  does not s w e l l .  

In  addi t ion t o  the  expansion phenomenon, the  H f  crucible  a l s o  appeared 
This a t t ack  i s  shown i n  the  t o  be qui te  heavi ly  attacked by the  potassium. 

photograph of the  i n t e r i o r  bottom of crucible  # 609 i n  Fig. 12. 
surface appearance i s  exhibi ted by t h e  walls of the crucible .  
exposure, both t h e  walls and the  bottom had a standard machined surface.  The 
pos t - tes t  appearance suggests either t h a t  severe corrosion has taken place or 
t h a t  expansion of the hafnium has caused slippage along c r y s t a l  planes, giving 
t h e  etched appearance. 

A s i m i l a r  
Before t h e  

Zirconium i n  Potassium 

The r e s u l t s  of experiments with a zirconium so lu te  c ruc ib le  and Mo-1/2 T i  
sample col lectors ,  with potassium solvent, a r e  shown i n  Table XVIII. The data 
a r e  not su f f i c i en t  t o  show t h e  temperature dependence of apparent so lub i l i t y ,  
bu t  they do show t h a t  many t ens  of wppm of zirconium w i l l  d issolve i n  potassium. 
The lowest temperature experiment (#6l7) shows a zirconium concentration t h a t  
i s  anomalously high. 
low, there  was no indicat ion of an experimental abnormality i n  t h e  run. 

Although the  amount of potassium i n  t h e  experiment w a s  

Diff icul ty  was encountered i n  making a zirconium t o  Mo-1/2 T i  weld. 
Several attempts r e su l t ed  i n  j o i n t s  t h a t  were not helium leak-t ight .  
zirconium cruc ib le  was damaged beyond use i n  these attempts, and a new zircon- 
i u m  rod of equal p u r i t y  w a s  obtained. 
was  welded t o  a sample co l lec tor  without d i f f i c u l t y .  A swelling phenomenon 
s i m i l a r  t o  t h a t  described abuve for t h e  hafnium cruc ib le  was noted with the  

The 

The cruc ib le  made from the new zirconium 
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TABLE: XVIII 
Concentration of Zirconium i n  Potassium 

zirconium crucible  after t h e  1200°C t e s t .  
t h e  crucible-col lector  assembly after t h e  swelling had occurred. 
hafnium, t h i s  phenomenon i s  a t t r i bu ted  t o  the  combination of metal weakness 
and the  difference i n  potassium pressure ins ide  and outside the  crucible-  
co l lec tor  assembly during rap id  quenching. 

Figure 13 shows the  appearance of 
As with the  

Figure 12. 

Exposure t o  Potassium at E O O Y ,  Three  Times Actual Size.  

Bottm of Hafnium Crucible After Four Hours 



Mo-O.5Ti Zirconium 

Figure 13. Zirconium-(Mo-0.5Ti) Assembly After Exposure, One and 

One-Quarter Times Actual Size. 
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Tungsten i n  Potessium 

T h e  r e su l t s  of experiments w i t  i vspor deposited tungsten crucibles  and 
Cb-lZr sample collecLors, w i t h  p o t e s s i m  solvent, a r e  s.iown i n  Table X I X .  The 
crucible  i n  t e s t  f406 w a s  found t o  be cracked w!ien the  outer capsule W E S  
opened, but t:?ere had apparently been no loss of potassium. 
an appreciable concentretion of tungsten, much greater  than t i a t  reported above 
f o r  rhenium, but a l s o  mucn l e s s  than t n a t  reported f o r  tantalum (20). Since it 
w a s  not feasible  t o  obtain tungsten al loys w i t 3  ge t t e r ing  a l l o y  additions ( Z r  
or R f ) ,  the only data obtained are f o r  t h e  high pu r i ty  vapor-deposited m t e r i a l .  

T3e r e s u l t s  s~iow 

Test  No. 

406 
407 
413 

TAELF: X I X  

Temp. , "C Time, hr K, @Tn W, w r n  w, wppm 

120 3 4 1.2 91  76 
1391 4 1.5 60 40 
1583 4 1.5 92 61 

T-111  i n  Lithium 

The r e s u l t s  of experiments w i t n  T-111 a l loy  solute  crucibles  and Ivlo-y,Ti 
sample collectors,  w i t h  l i t h i u m  solvent, are shown i n  Table XX. Except for one 
run (#714 a t  11 wppm), a l l  t h e  r e s u l t s  are t h e  same within experimental and 
ana ly t i ca l  uncertainty, and the s o l u b i l i t y  value of 2 t o  3 wppm may be assigned 
for tantalum i n  l i th ium over the 1200 t o  1 6 0 0 ~ ~  temperature range. 
liminary experiments using less pure (ge t t e red  but not d i s t i l l e d )  l i t h i u m ,  and 
made before t h e  improvements i n  the a n a l y t i c a l  method for tantalum were done, 
showed tha t  s ign i f i can t ly  more tantalum apparently dissolved. Since there are 
two k n m  differences between t'ie two groups of experiments, it i s  not possible 
t o  assign the apparent s o l u b i l i t y  difference t o  a spec i f i c  cause. 

The two pre- 
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TD3I.Z XX 

Concentration of Taritalum from T-111  Alloy i n  Li thiurn 

402 
401 

Test No. 

717 
712 
719 
713 
723 

739 
740 
714 
730 
738 

1363 4 0.55 11 20 
1603 4 0.70 6 05 LL 

Temp . , "C - 
1-1-97 
1202 
1202 
1203 
1203 

1203 
1203 
1308 
1395 
1600 

Li ,  gn 

1.86 
3 e07 
1.93 
2.22 
1.90 

0.54 
0.85 
1.20 
1.60 
1.10 

Tests  w i t h  less pure Li ,  and before ana ly t ica l  t ec ;~ i  

5 -6 
< 1  

4.2 
< 1  

4 

1.5 
2.5 

13.5 
3 
2 

3 
< 1  

2 
< 1  

2 

3 
3 

11 
2 
2 

iue irnpr oveme nt s : 

ASTAR-811C i n  L i t n i w n  
--._I----- 

T':ie r e s u l t s  of experiments with ASTAR-E11C a l loy  so lu te  crucibles  and 
Mo-'/,Ti sample col lectors ,  w i t h  l i t h i u m  solvent, a r e  shown i n  Table XXI. 4.11 
the  r e s u l t s  are the same w?.thin experimental and ane ly t i ca l  uncertainty. The 
s o l u b i l i t y  value of 2 t o  3 wppm for  tantaluii *om t h i s  al loy,  i n  l i t ; i ium, may 
be assigned over t:ie temperature range 1000 t o  1 6 0 0 O C .  
d i f ference between T-111 and ASTwI-811C does not seem t o  a f f e c t  tile s o l u b i l i t y  
of tantalum i'rom tke  alloys i n  l i t h i u m .  
w i t h  l e s s  pure l i thium made fo r  t he  T-111 experiments above apply equally w e l l  
t o  the  two t e s t s  with ASTAR-8llC under the same conditions, as  seen i n  Table XXI. 

Tile canposition 

The remarks concerning the  experiments 

T:iree experiments w i t h  ASTAR-811C, experimentalljr i den t i ca l  t o  those l i s t e d  

The r e s u l t s  are confusing, s ince it i s  
i n  Table X V I I I  with high pu r i ty  l i t h i u m ,  were analyzed f o r  ha fn ium content. 
These r e s u l t s  are shown i n  Table XXII. 
seen t h a t  apparently more hafnium t h a n  tantalum dissolved from the  alloy, al-  
though hafnium cons t i tu tes  only about l$ by weight, whereas tantalum i s  about 
9C$ by weight of the  al loy.  It may be conjectured t h a t  some of t51e hafnium i s  
present as an oxide, s ince i t s  function i n  t h e  a l loy  i s  t o  ge t t e r  oxygen, and 
tltat the  l i t h i u m  in t e rac t s  with a portion of t h e  oxide, permitt ing the  hafnium 
t o  en ter  t h e  solution. It i s  a l s o  of i n t e re s t  t o  note that the hafnium concen- 
t r a t i o n  found i n  these experiments is t h e  same as t h a t  found f o r  a pure hafnium 
so lu te  (Table XXII). 
so lu te  i s  not t h e  najor  determining factor  i n  t h e  solut ion of hafnium i n  l i t h ium.  
One possibi . l i ty i s  t h a t  t ' ie major fac tor  may be t h e  oxygen content of t h e  potas- 
sium which would then account fo r  t.he nominil e q m l i t y  of t h e  two s e t s  of 
" so lub i l i t y  " data. 

T h i s  suggests t h a t  t h e  concentration of hafn ium i n  the  
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Concentration or" Tzntzluv f rm /;ST&E-811C P.lloy i n  L i t h i m  
__I.- - ..__--- _I_- --- - 

T e s t  No. Temp., 'C T ine , !W Li, ~n 

71.6 10~7 -t 2.95 
'/1j u 3 3  !L 1.112 
'731 l!bGO 4 1.40 
76 3 1400 4 1.60 

- 762 1620 4 2.47 

-- 
l'a, vppn 

1h  
4 
3 
3 2 
1 < 1  

4 0.345 
650 1391 1195 I 4 0.325 
649 

720 Control at  27 up T a  
Control a t  9 pgm T a  733 

6.3 13 
7.5 23 

28 
8 -- 

Hafnium I n  Lithium 

- .  

T e s t  No. Temp., "C Time, hr Li ,  rn I I f ,  pgn 

746 120 3 4 o*% 11 
757 1410 1 0 077 6 
756 1630 4 0.78 5 

The r e s u l t s  of experiments w i t h  a hafnium cruc ib le  and Mo-';/,Ti sample 
col lectors ,  w i t h  l i thium solvent, are s:?m i n  Table XXIII. The observed 
s o l u b i l i t y  of hafnium i n  l i t h i u m  i n  the  temperature range 1030 t o  l b O ° C  i s  
seen t o  be about 6 v-ppm. 

H f ,  wppm 

11 
8 
6 

Great d i f f i c u l t y  was encountered i n  welding t h e  hafnium crucible  t o  the  
Mo-'/,Ti sample co l lec tor .  After a weld was made, numerous leaks were always 
found both i n  the  w e l d  area and along the  hafnium crucible.  These were sealed 
by defocussing the  e lec t ron  beam and melting t h e  surface of t he  hefnium i n  tne 
region of the leak. 
would be found t o  be leak-t ight .  However, t n i s  general ly  required t h a t  near ly  
the complete surface of t he  hafnium be melted i n  tke  e lec t ron  beam. New leaks 
developed af te r  each t e s t ,  s o  t h i s  procedure was repeated before each loaiiing 
with lithium. 

P . f t e r  repeated leak t e s t i n g  and repa i r ing  t h e  assembly 



TE-BIX XXIII 

T e s t  No. Temp., "C Time, h r  

759 3.0 15 4 
773 I200 4 
771 1400 4 

Control a t  8 pgm H f  

Concentration of Hafnium i n  Lithium 

L i ,  Em Hf, u r n  Hf, wppm 

1.05 7.5 7 
1.07 6.5 6 
1.62 9 6 

10.3 

T e s t  No. 

779 
722 
775 
724 
727 
780 
749 

Molybdenum i n  Li th ium 

The resul ts  of experiments w i t h  molybdenum solu te  crucibles  and Cb-Ur 
sample col lectors ,  with l i t h i u m  solvent, are shown i n  Table XXIV. The s c a t t e r  
i n  the  da ta  precludesthe assigning of a temperature dependence. No reason f o r  
the s c a t t e r  i s  apparent, and the  chemical anelysis  seems t o  be r e l i ab le .  The 
bes t  value f o r  the apparent s o l u b i l i t y  of molybdenum i n  lLthium over the  
temperature range 1200 t o  1600Oc is  9 5 5 wppm. 

Temp., "C Time, hr Li ,  tP Mo, FLP Mo, wppm 

1200 4 0.41 2.5 6 
1192 4 2.72 44 16 
1200 4 1.19 4.8 4 
1390 4 2.42 16 7 
1400 4 1.01 2 2 
1405 4 1.1 15.3 14 
1620 4 0.57 6 11 

Concentration of Molybdenum i n  Lithium 

Control a t  2 p g  Mo 2 .o 

Rhenium i n  L i t h i u m  

The r e s u l t s  of experiments k i t h  e rhenium so lu te  crucible  and Cb-Ur sample 
col lectors ,  with l i t h i u m  solvent, a r e  shown i n  Table XXV. The s o l u b i l i t y  of 
rhenium i n  l i t h i u m  may be described as 1 k 1 wppm mer t h e  temperature range 
1200 t o  1600°C, from these data. 
previously used f o r  potassium s o l u b i l i t y  exp?riments. 

The same crucible  was  used t h a t  had been 
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Concentration of Rhenium i n  L i t h i u m  

T e s t  No. Temp., "C Time, h r  

72 1 1202 4 
750 1400 4 
75 4 1602 4 

Control a t  IC pgm Re 

Li ,  ~ K I  Re, V@ R e ,  Wppm 

1.64 1 0.6 
1.86 2 1.1 
1.47 2.5 1.7 

4.5 
1 

Tungsten i n  L i th ium 

The r e s u l t s  of experiments w i t h  a tungsten solute  crucible  and Cb-Zr  
sample col lectors ,  w i t h  l i th ium solvent, a r e  s'slown i n  Table IONI. From these  
data, the apparent s o l u b i l i t y  of tungsten i n  lithim. i n  the temperature range 
1200 t o  1600°C may be described as 2 wppm. 
sane vapor deposited tungsten crucible .  
and leaks d.evelopd during hanaling. These were sa t i s fac tor i . ly  sealed by care- 
f u l  electron beam melting of t3e  surface i n  the  leak region, as wan  done wi t? :  
the hafnium crucible .  

All th ree  tests were made with the  
liowevcr, t h e  crucible  was very b r i t t l e ,  

TI\BI;E X-WI 

Concentration of Tungsten i n  Lit:iium 

1.15 
1.52 
1.54 

Test  No. Temp., "C --- 
1202 
1400 
1610 

Control zt 2 p+ps M 

3 
< 1  

4 

4 
I+ 
4 

DISCUSSION OF RESUETS 

The dissolut ion of a re f rac tory  metal i n  a l iqu id  alkali. metal FnvolvPs 
a t  leas t  two processes. The f i rs t  of these i s  tne straightforward solut ion 
of tile r e f r ac to ry  metal atoms themselves, and the  second involves t h e  forma- 
t i o n  of a soluble oxygen-bearing species.  
system, although i n  t h e  usual  case, one w i l l  dominate. Which of t he  two i s  
dominant i n  any pa r t i cu la r  system w i l l  depend on fac tors  such as the  amount 
of oxygen present and the  chemical s t a b i l i t y  of t3e per t inent  oxygen-bearing 
species. Indeed, the  "so lubi l i ty"  values reported f o r  many systems of known 
high oxygen content (vhet'ier it be i n  tne  solvent or i n  t h e  so lu te )  arc qui te  
high, say, 100 t o  1000 pFm or  more a t  1200°C. Pppzsently, the  oxygen-depen- 
dent processes doninate i n  such systems. 

Both processes w i l l  occur i n  every 

Mmh of the  ea r ly  so lub i l i t y  d a t a  
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I 

has t3is character.  
impurity c m t e n t s  have become available.  In addition, t h e  a b i l i t y  t o  pu r i fy  
t h e  allCali metals used i n  performing so lub i l i t y  t e s t s  %as increased, so ihat  
measurements C ~ I I  now be made i n  very highly pur i f ied  sys tem.  Nevertheless, 
t b e  d i f f i c u l t y  of removtng oxygen from t-,e r e f r ac tu ry  metals i s  great,  and, 
even when extreme measures a r e  taken t o  produce highly pur i f ied  metals, 
severa l  t ens  of ppm of oxj.gen usual ly  remain. The degree t o  whjch a given 
amount of oxygen w i l l  a f f ec t  a so lub i l i t y  measurement i s  tken dependent upon 
t h e  chemical s t a b i l i t y  of t h e  soluble a lka l i  metal-refractory metal-oxygen species. 
I n  such a system the  mygen w i l l  be par t i t ioned among the  a U r a l i  metal  solution, 
the  simple r e f r ac to ry  metal oxide, and the double oxide of t 3e  alkali metal with 
t ' ie r e f r ac to ry  metal. The d is t r ibu t ion  of t h e  avai lable  oxygen w ' l l  depend upon 
t h e  re laz ive  c!iernical s t a b i l i t i e s  of 1) the a l k a l i  metal oxide, M20, dissolved 
i n  the  a l k a l i  metal t o  form a solut ion of t h e  observed oxygen concentration, 
2) t h e  r e f r ac to ry  metal oxide MI a t  i t s  concentration i n  the  solution, and 
3) t he  complex oxide M%O a t  i t s  concentration i n  the  solution. Unfortuna- 
t e ly ,  t he re  a r e  few Saga on t h e  heats or f ree  energies of formation of the  
complex oxides of potassiurn or l i t h i u m ,  a,nd no data on t h e  s o l u b i l i t i e s  of the  
compounds . 

I n  recent years, refractory metals 9,zvir.g general ly  lower 

1 

X 
xt- 1 

It i s  of i n t e r e s t  t o  compare the chemical s t a b i l i t i e s  i n  t h e  T,i-Mo-O, the  
IC-Mo-0, and t3e Li-Ilf-0 systems, f o r  which systems some data are avai lable  i n  
the l i t e r a t u r e .  The evaluation of the  estimated free energies of formation of 
L i  0 and K 0 i n  t h e i r  a l k a l i  metal melts i s  accomplis'r?ed using t h e  re la t ions ,  2 2 

PG' (dissolved oxide) = AFf ( so l id )  + AT' ( so lu t ion)  

AF (so lu t ion)  = RT In ppm 0 observed/ppm 0 a t  sa tura t ion  1 
c I 

f 

= RT In ao. 

The fYee energies of formation of t h e  double oxides a r e  estimated using the  
re la t ion ,  

A s  a f i r s t  approximation, ~ ~ ( 2 9 8 )  can be taken as weig:ited average per oxygen 
atom of the AS (298) f o r  t he  a l k a l i  metal  oxide and t h e  r e f r ac to ry  metal oxide. 
The data  develgped i n  this way axe shown i n  Table XXVII. 

Based upon the  values i n  Table XXVII, one sees t h a t  t he  oxygen i n  a lithim 
solut ion containing 33 ppm 0 has  the  very subs tan t ia l  chemical s t a b i l i t y  of -115.7 
kcal/g atm 0. 
because the  s t a b i l i t y  of MOO ( s )  is only -32.7 kcal/g atom 0, t he  tendency f o r  
molybdanm t o  form MOO i n  t$e l i thium solut ion corresponds t o  a AF ( reac t ion)  
of +83 kcal/g aton 0. %herefore l i t t l e  reaction i s  expected a t  1500%. 
similar co1nparison of t h e  AFf(1500) for Li,$W4 and Li20 dissolved i n  l i th ium 
snows a AJ? ( reac t ion)  of "-'1.7 kcal/g atom 0 for  t'ne foma t ion  of t he  canplex 
compound. Agai-r?, m e  ::=.;Id e q e c t  'to f i n d  tha t  this reac t ion  would not be an 
Important fac tor  i n  t3e solut ion of molybCenum i n  lithim. Unfortunately, no 
da ta  are ava i lab le  f o r  t:ce compound L i  MOO i n  tihich t h e  molybdenum i s  present 
i n  the  +3 state ratl ier than i n  t'ne more hi;fily oxidized +6 state found i n  I;i FMJ~. 2 

I n  t h e  competition fo r  omjgen by molybdenum, say, one sees t n a t  

-4 

2 
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TABLE XXiI 

Thermodynmic Data for Selected Oxygen-Bearing Conpounds 

Compound 

Li20 

Li20 

K2° 

K O  
2 

MOO3 

2 I f f  0 

zro2 

L i  b"1004 
2 

K21*4 

L i  ET0 
2 3  

State 

sol id  

33 YEc?m 
0 i n  L i  

( so l id )  

6 v?Pm 
0 i n  K 

sol id  

s o l i i l  

sol5.d 

so l id  

sol id  

solid 

- 91.3 

- 89.3 

-141.1 

'Sf ( 298) 
b stimat ed 
-.- 

e.u. 

-22.6 

-23.h 

-25.1 

AFf( 1500) 

Kcal per 
atom 0 

- 35.4 

- 37. 

- 32.7 

- 99.0 

- sc.9 

- 68.7 

- 65.9 

-103.5 
-- 

--. 

R e f  

.-- 

RT lo& a* 

a t  l 5 O O K  

Kcal per 
g aton 0 

-20 3 

-29. 

- - -  

Kcal per 
g atom 0 - 

-115.7 

- 66. 

* Solubi l i ty  of 0 i n  L i  i s  extrapolated frcn the  d a t a  of IIaffman ( 11) t o  be 30,000 wppm 
a t  1500%. 
t o  be 100,000 w-gpn a t  l 5 O O % .  
a o ( L i )  = 33/30,000 = 1.1 x 

Solubi l i ty  of 0 i n  K i s  extrapolated fYm t h e  data of Williams e t  al.( 27) 
dered very ten ta t ive .  

-SOnsi 
Both of these  values m u q t  be 

a o ( K )  = 6/100,000 = 6 x 10 . 
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In potassium solut ions containing 6 ppm 0, tlic Cata i n  Table XXvTI shov 
t;iat the Crco cnergy of rcact ion t o  rorm MOO €rom the  oxylcen i n  the  pola:;r,iun 
i s  1-32.7 - (-66) 
MOO I ~ O T J C ~ F S ,  t h e  M ( rcac t ion)  t o  form tne  
comJound K 100, i s  seen t o  be +0.1 kcal/g atom 0 from the  values eivcn i n  

dissolve?. t o  y i e ld  G ppm o i n  l i qu id  potass im,are  

3 or t33.3 kcal/c; atom 0 at-15005(, so that  t h e  rornation of 
i s  not tlicrmodynamically ravorcd. 

Table XXVI!?. f n  a thcr  \;orcls, the  chcmical s t a b i l i t i e s  of K 

Therefore, one would cxpcct a subs tan t ia l  tcndency fo r  tile formation of 
potaosjum molybdate, and t'ie probable so lubi l iza t ion  or nol;.:miimm b-J this 
mcxhanism. One question that has an important bearing on t h e  enhancement of 
the appLarcnt . ;olubili ty of nolybdenum i s  t h a t  of t he  s o l u b i l i t y  of the  moly- 
bdate compound. I€ t'w compound molecules are more soluble than a r e  molybdenum 
atoms, then t h e  observed "so lubi l i ty"  of rnolybdcnun in  potass ium cou ld  be qu i t e  
large.  
This i s  i l l u s t r a t e d  by the  data sh0T.m i n  Table XV, i n  which the  q e c i a l l y  pre- 
Dared Mo-0.5 Z r  alloys shov s o l u b i l i t y  values of the ordcr of 100 ppm a t  1200- 
i L O 0  "c. The diffcrcnce between 1,hesc noziinal 100 pyn values and the nominal 
10 ppin value a t  ll:GO°C €or the  TZI4 a l loy  can perhaps be ascr ibed t o  t h e  e f f ec t  
of i n t e r n a l  Gettcrinc. T;=M contains about 0.6 pcrcent of ( T i  plus X r )  and j s  
prenascd under conditions which maxinizc the d i s t r ibu t ion  of these [youp IV 
clcmcnts, so that t h e i r  Fet ter ing act ion is  maximizcd. The spec ia l  a l loy  was 
macle by co-mcltinr t',ie pure elements an6 maf;ing t ne  incot to size, but no 
spec i f ic  e r f o r t  was ma& t o  enzure  t h a t  a f u l l y  iomoccneous product was  pro- 
duced. Therefore, it i s  not unl ikely l.'?at t h e  cffect ivcncss  of the ge t t e r  
zTrconiwn vas less i n  t i e  spec ia l  alloy than i n  TZM. Therefore, t i e  TLM is  
thoxght t o  show a lorrcr so lub i l i t y  than noPjbdenum because i t s  oxygen impurity 
is Eettercd by t h e  tit,anium and zjrconium, and i s  not r ead i ly  avai lable  €or 
r; o h b  i l i z  iny: t'nc nolybdc num . 

l+'urtlier, it i.rould be very sens i t ive  t o  the oxyf'en contcnt of the system. 

Thy-s i n t e rna l  ge t te r ing  act ion of the Group IVA metals was rccognizcci at 
t i e  outse t  of t n i s  vosk and some of t h e  alloys testcil  were chosen t o  t e s t  t h i s  
?iypot!icsis. The e f f e c t s  on the  "solubi l i ty"  value of adding increasingly 
lasgcr  mounts of a ge t t e r  t o  re f rac tory  metals are shown i n  Tab1.e *x)Iv.CII. The 
da ta  s!iown i n  Table WIII \;ere measured usiix rather highly purif ied potassium 
so that the  general  reCluclion i n  apparent s o l u b i l i t y  w i t h  an  increase i n  zircon- 
iurn ( o r  hafnium) content can be a t t r ibu tcd  pr imari ly  t o  t h e  e f f ec t  of the  
ge t t e r ing  aciditivc. 
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CONCENTRATION OF GROUP IV G E T T E R  E L E M E N T  Wo) 

F i g u r e  14. The E f f e c t  o f  G e t t e r  C o n c e n t r x t i o n  on t h e  Apaarent  

S o l u b i l i t y  o f  Tanta lum and “iobium i n  Po ta s s ium.  

! 
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Variat ion i n  SolubilLty Values  i n  1 2 0 0 ° C  Potasciwn ~5th 
Gctter-Concentrati on i n  Eef'ractory Ketals 

c 

Solute and Composition 
L_-C__--_-.-_._LI- ----I_--- 

Ta s ingle  c rys t a l  

Ta-0.5 Z r  

T- 113. T a-3.7 -2Xf 
ASTI?R=811C Tz-8N-1 R e - 1  Eif-O.O%5C 

m s ingle  c r y s t a l  

lb-0.5 Z r  

Cb-1 Z r  

----.-_- _I-I__ 

L i t h i u m  Solvent 

T i  v C r ,  (40 P P d  
Z r  Nb, ( 4 2  ppm) Mo, 5 ppm 

IIf, 6 ppni Ta, 2 P P  w, 2 ppm Re, 1 ppm 

Potassium Soivent - . . _ _  __ - 
T i  (100 ppn) V Cr 
Zr, (80 PPm) lib, 6 purl Mo ( 8  ppn) 

:If, (100 ppm) Ta, 7 FPn 1; Re, < 1 ppn 
-I--_ ~ - - -  ----- -- 

-- -_- 
Reference 

--- ------- ____ 
( 20; 

T h i s  report  

This report  

T h i s  repor:; 

( 20) 
This report  

T h i s  report  

Wxm ~ ! I C  addi t tve l e v e l  rcac:xs about; one or two percent, t h e  e f f ec t  of 
the getter has reduced t'ne apparent mta l  soluhili-Ly t o  a value less  ?,?;an 10 
trppn at least i n  the case of T a  and Ta, as ?.s shorn j.n Fi.5w-c 14. One trould 
not  expect t o  f i n d  any apprecia.ble further reduction as the ge t t e r  concentra- 
t i o n  i.s increased. Tile presmpt ion  i s  tha t  a.t this conccntration level,  the 
zirconium has combined t r i t h  t he  oxygen present i n  the alloy, and has markcdly 
rcAucer! i t s  tendency t o  form soluble oxypn-contt%j.n?.nc specics i n  t h e  alkali  
meta.1 . 13 r f f ~ ~ t ,  t i l e r~Yor t .~  t l x  G r o q  IVL ~1c: taJ . .  r ; c t t c ~ e C  Gro1r-p VA o r  Grou? 
VIA al.l.oy plur, the p1.n.; f i - c i t i ,  1 r n ; - w ; : ~  tcin i s  i ? o ~ i i i a . i l y  
equivalent t o  an oxygen-free system or, ai; l e a a t , t o  a very l o w  oxygen system. 
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3nc E1igk-t expect that t'ne solubil-t tg values of Group VI.. and Group ViF. metals 
1ncasureJ. iE such systens ~roul& approach the  siEple metal atorn SGlUbility 
va.lut's, and it i s  in t e re s t ing  t o  compare the  values far t h e  various so lu tes  
ant? fa each or' the  solvent alkali nc t a l s .  The s o l u b i l i t y  values listed i n  
Ta7cle X'XIX have beer, chosen as -mine rcpresenGative values ?or the  systens 
a t  1200OC. The values in  parenthesis  are estimated. 

Although Table XXIX i s  not. complete, some in t e re s t ing  conpari.sons can 
be ma6.e base& on the interprekat ions of the  data shown i n  Table )cxvII. For 
example, t:?e s o l u b i l i t y  values i n  l i thtum f o r  t he  ge t te red  al loys of t h e  
s i x t h  period metals axe lover than i n  potassium. T 3 i s  i s  i n  agecnen t  with 
t h e  e a r l i e r  observation t3at t h e  s t a b i l i t y  of Li,,bIoO 
t i e  oxygen (Li20) i n  the  solvent litiiiurn, and thkt tile s t a b i l i t y  of t h e  
a,nalogasK2,Fld4 i s  equal t o  that of t h e  oxygen (K20) i n  the solvent potassium. 
iicvever, one must be c a e f u l  i n  drauing too-firm conclusions about t i e  
nature of the  systems fron these  Cata because of t h e i r  snall number and the  
feet t h a t  t h e  systems were probably not i n  t r u e  equi l ibr iun vri.'i'n respec t  t o  
the d is t r ibu t ion  of t he  oxygen Trilic'n was present i n  both the  r e f r ac to ry  mctal 
and i n  t n c  solvent alkali  metal. Xomver, it seems l i k e l y  that i n  potassium, 
whose a f f i n i t y  f o r  oxygen is comparable w i t h  those of tlie re f rac tory  metals, 
t he  somewhat iiigher s o l u b i l i t i e s  may be the r e s u l t  of a la rger  contr ibut ion 
OS the  complex oxide fornat ion anc? solut ion process. 

i s  l e s s  than tha t  of 
IC 

The most stri'xiw difference i n  s o l u b i l i t i e s  of the same metals between 
the lithium and t h e  p o t a s s i m  solvent i s  i n  t h e  p o u p  iVA neta l s .  They are 
qui te  soluble ( r e l a t i v e  t o  other r e f r ac to ry  metals) i n  potassium, but hafnium 
is soluble to only a qoc?e:;t Liesee i n  l i t n i m .  Again, t h i s  may be ascr ibed 
t o  the f a c t  t'nat t'nc oxygen i n  t he  l i t h i u m  solvent i s  s t rongly bound, and 
although the  g o u p  IVA metals do form ra the r  s t ab le  Li2?l'I0 compounds, t h e i r  
s t a b i l i t y  per gram atom oxygen i s  less than t h a t  of o7ygei i n  l i t h i u m .  
Therefore, t h e  simple solut ion process predminates .  I n  potassiim, hovrever, 
t h e  K2M0 
p o t a s s i d  so t h a t  the fornat ion and (presumed) solut ion or' these compounds 
i n  potassium does contribute Cn a major ?ray t o  t h e  observed s o l u b i l i t i e s .  

conpounds a r e  more nearPj  equal i n  s t a b i l i t y  t o  tlrie oxygen i n  

In s~~'"m..asy, the "so lu5i l i ty"  values found f a r  a given r e f r ac to ry  n e t a l  
decrease as the  e f fec t ive  oxygen a c t i v i t y  i n  t h e  system decreases; t h e  
so lub i l i t y  values far  elements i n  a given period are i n  general  inversely 
re]-ated t o  t h e i r  melting points;  and the simple, a tonic  "so lubi l i ty"  values 
for the Group VA and VIA metals and f m  rhenium are t~y-pically i n  the  low ?nm 
or f rac t iona l  ppm range. 

coic  us Ioris 

A l i m i t e d  nu2ber of measurements of t he  solu5i l i t ; r  of r e f r ac to ry  
t r ans i t i on  metals and al loys i n  Dotassium ana i n  litillum have been made. 
gcncral, the  s o l u b i l i t i e s  of t'nese elcments a r e  la rger  i n  potassium than i n  
l i t n i m .  
b i l i t i e s  i n  p o t a s s i m  of the  formation and tine solut ion of complex a l k a l i  
metal-refractory metal-oxygen compounds. T 3 i s  mechanisn i s  less prevalent 
i n  l i t n i u m  solut ions containing low oxygen conccntrations because of the  
s ign i f icant ly  =eater tendency f o r  oxygen ( L i  0 )  t o  remain dissolved i n  
d i lu t e  solut ion i n  lithium. 

I n  

T h i s  i s  ascribed to t h e  a e a t e r  contribution t o  t h e  observed solu- 

2 
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APPENDIX A 

The ana ly t i ca l  procedures f o r  the determinations of t he  various solute  
materials s tudied i n  the  program are given i n  t h i s  appendix. 
t h e  procedures are based on published procedures, but with a l t e r a t i o n s  and 
added s teps  which have been found necessary t o  adapt them t o  the low leve ls  
of so lu te  concentrations, and the  need t o  prevent interferences caused by 
the  presence of other so lu te  materials. 
were frequent ly  found t o  be present  i n  the f e w  ppm range, and because t h e  
detect ion limits of many of t he  procedures are a l s o  i n  the  f e w  ppm range, 
it was frequent ly  necessary t o  perform analyses using 'spiked' samples. I n  
such cases, a f e w  micrograms of the  so lu te  were added t o  t h e  t e s t  sample 
a l iquots  t o  ensure t h a t  the  so lu t ion  being analyzed would show the  presence 
of a t  least t h e  detect ion l i m i t  l e v e l  of the solute .  Corrections f o r  t h e  
spike leve ls  of so lu tes  were made i n  the  reported ana ly t i ca l  r e su l t s ,  of 
course. 

I n  most cases, 

Because the  so lu t e s  of i n t e r e s t  

1. SAMPm PREPARATION FOR POTASSIUM SAMPIES 

Each potassium and so lu te  sample delivered for analysis  was contained 
i n  the  co l lec tor  end of t he  crucible-collector subassembly used i n  the  tes t  
exposure. 
c u t t e r  from t h e  crucible  i n  a rec i rcu la t ing  i n e r t  atmosphere glove box. The 
potassium was melted, and poured i n t o  a 50 m l  Vycor crucible.  This crucible  
was removed from the  glove box and was placed i n  the  dissolver  apparatus 
shown i n  Fig. 15, i n  which t h e  potassium was reacted slowly and dissolved i n  
water vapor car r ied  i n  the  argon gas stream. 
ved, t he  solut ion was ac id i f i ed  with concentrated HC1. 

The potassium remaining on t h e  so lub i l i t y  t es t  co l lec tor  w a l l  was  care- 
f u l l y  dissolved i n  water, and t h e  col lector  w a s  r insed  with HC1. 
r i n s i n g  so lu t ion  i s  added t o  t h a t  obtained i n  the  dissolver .  

The co l lec tor  with t h e  frozen potassium was cut  with a tubing 

After t h e  potassium had d isso l -  

This 

The co l l ec to r  was then etched t o  dissolve any of t h e  so lu te  which may 
have deposited on t h e  w a l l  of t he  col lectar .  
depended upon t h e  so lu te  and co l lec tor  materials involved and is  defined f o r  
each so lu te  i n  t h e  individual  procedure described below. 
e tch  washings were added t o  the  metal dissolut ion so lu t ion  t o  produce a 
s ingle  aqueous sample containing a l l  t h e  solute and a l l  of the  potassium. 

The etchant solut ion used 

I n  a l l  cases, the  

2. DETERMINATION OF ZIRCONIUM I N  POTASSIUM 

a. PrinciDle 

Zirconium i s  extracted with tri-n-octylphosphine oxide (TOPO) frm 
a 7M so lu t ion  of n i t r i c  acid with the  color being developed i n  the  0rgani.c 
phase using pyrocatechol v i o l e t  i n  the  presence of pyridine.  

b. Apparatus 

Beckman Spectrophotometer, Model DW. 
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Figure  15. D i s s o l v e r  Apparatus f o r  Potassium. 
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c. Reagents 

Standard 
metal i n  
100 m l .  

zirconium solution: Dissolve 100 mg of pure Z r  
10 m l  of W and a few drops of HNO 
Make subsequent di lut ions w i t h  1:93 HF. 

and d i l u t e  t o  

Tri-n-octylphosphine oxide (TOPO), 0.24: - 
i n  50 m l  cyclohexane. 

Dissolve 1.93g TOPO 
Prepare daily.  

Pyrocatechol v io l e t :  0.05s i n  absolute ethanol. h-epare 
immediately before use. 

Boric acid, H BO ,5$. 

Perchloric acid, HC lo4, 7@. 

Ni t r i c  acid, HNO 1 6 ~ .  

Hydrofluoric acid, HF, 27N. 

3 3  

3’ - 

Ethanol, absolute. 

Pyridine, reagent grade. 

d. Procedure 

The potassium samples containing the  zirconium so lu tes  were dissolved 
i n  the manner described i n  Section 1. 
and water, and the  washings were combined with t h e  o r i g i n a l  solution. 

The co l lec tors  were r insed  with 27 N HI? - 

Pipe t t e  a l iquots  containing 4 t o  50 ug Z r  i n t o  Teflon beakers. 

end tra&.f& the samples to360 ml separatory 

Add 
t o  each sample and evaporate t o  dry- 
HC104, and HNO 

five m l  H BO 
ness. and the  evaporation 
s t e p  twice, 
funnels.  
5 ml of the TOPO reagent. Transger 2 ml of the organic layer  t o  a dry 25 m l  
volumetric f lask .  Add 10 m l  absolute ethanol, 2 m l  pyrocatechol v io le t ,  and 
5 m l  pyridine.  Then d i l u t e  t o  volume with absolute e thanol  and allow t o  
s tand for f i v e  minutes. 
against  a reagent blank i n  2 or 5 cm absorption c e l l s .  

1 m l  HC104, and 1 ml HNO 
Rehaj ’ the  addi t ion of the  H BO 

Di lu te  t o  25 m l  & t h  H 0. 
Add 12 ml €€NO 

Shake the so lu t ion  f o r  15 minutes w i t h  

Read t h e  absorbance i n  a spectrophotometer at  655 mF 

The ca l ibra t ion  curve i s  obtained by t r e a t i n g  3 t o  50 pg Z r  i n  t he  
same matrix as the  samples i n  the  manner described above. 

e. Discussion 

The methods of Young and White (29) and of Wood and Jones (28) have 
been modified t o  s u i t  the  spec i f ic  needs of the  determination of Z r  i n  potas- 
sium, The Fming ~f the saiqles k-tth H BO XHCj and H C l O  serves a twofold 4 purpose by oxidizing t h e  molybdenum t o  Ao(3:) and’eliminating the  f luor ide  ion. 
Mo(V1) i s  not extracted i n t o  TOPO from n i t r i c  ac id  solution. 

- 
-9 

*nm = nanometer (10 meter) 
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3. DETERMINATION OF HAFNIUM I N  P(YI’ASSIUM 

a. PrinciTle 

Hafnium i s  extracted with TOPO f’rom a 7M so lu t ion  of ni . tr ic ac id  
with t h e  color being developed i n  t h e  organic phase using pyrocatechol v i o l e t  
i n  the  presence of pyridine.  

b. Apparatus 

Becknan Spectrophotometer, Model DU. 

c. Reagents 

Standard hafnium solut ion:  
i n  10 ml of HF’ and a f e w  drops of HNO , and d i lu t e  t o  100 ml. 
Make subsecT?P?lt d i lu t ions  with 1:99 d. 

Dissolve 100 mg of pure H f  metal 

Tri-n-octylphosphine oxide (TOPO), 0.N: - 
i n  50 m l  cyclohexane. 

Pyrocatechol v io l e t :  0.05% i n  absolute ethanol. Prepare 
immediately before use. 

Boric acid,  H BO 5%. 

Perchlor ic  acid,  HC104, 7@. 

N i t r i c  acid,  -EN0 1 6 ~ .  

Hydrofluoric acid, HF, 27N. 

Dissolve 1.93g TOPO 
Prepare dai ly .  

3 3’ 

3’ - 

Ethanol, absolute.  

?yridine, reagent grade. 

d. Procedure 

The potassium samples containing t h e  hafnium so lu tes  were dissolved 
The co l l ec to r s  were r insed  with 27N - HF i n  the manner described i n  Section 1. 

and water, and the  washings were combined with the  o r ig ina l  solut ion.  

P ipe t te  a l iquots  containing 4 t o  70 pg H f  i n t o  Teflon beakers. Add 
5 ml H BO 1 ml H C l O  and 1 ml HNO t o  each sample and evaporate t o  dryness. 
Repe~i t~ thz’addi t ion  ob’the H BO , HC$04, and HNO and t h e  evaporation s t ep  
twice. 
Dilute  t o  25 ml with d20. Shake the  so lu t ion  f o r  15 minutes with 5 m l  of t he  
TOPO reagent. 
f l a s k .  Add 10 m l  absolute ethanol, 2 m l  pyrocatechol v io le t ,  and 5 m l  
pyridine. Then d i l u t e  t o  volume with absolute ethanol and allow t o  stand 
f o r  5 minutes. 
a reagent blank i n  2 or 5 cm absorption c e l l s .  

Add 12 ml HNO and t Jans fe r  t h e  samples 40 60 m l  separatory funnels.  

Transfer 3 m l  of t he  organic layer t o  a dry 25 m l  volumetric 

Read the absorbance i n  a spectrophotometer a t  655 nm against  

The ca l ibra t ion  curve i s  obtained by t r e a t i n g  3 t o  50 ug H f  i n  t he  
sane matrix as t h e  samples i n  t h e  manner described i n  t h e  procedure. 
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e. Discussion 

The methods of Young and White (29) and of Wood and Jones (28) have 
been modified t o  s u i t  t h e  spec i f ic  needs of t h e  determination of H f  i n  potas- 
sium. The fuming of t h e  samples with H BO , HNO , and HC104 serves a twofold 
purpose by oxidizing t h e  molybdenum t o  do(3I) ana eliminating t h e  f luor ide  ion. 
Mo(V1) i s  not ex t rac ted  i n t o  TOP0 from n i t r i c  ac id  solut ion.  

4. DETERMINATION OF NIOBIUM I N  POTASSIUM 

a. Pr inc ip le  

Niobium forms a purple-colored complex w i t h  4-( 2-pyridy1azo)- 
resorc inol  (PAR) i n  an ace t a t e  buffered-EDTA medium at pH 5.8. 
can be determined i n  the  presence of 200 mg K and 1000 wg Mo. 

One pg Nb 

b. Apparatus 

B eckman Spectrophotometer , M ode 1 DU . 
c. Reagents 

1) Niobium Stmdard.  
centrated HF plus  a few drops of HNO 

Dissolve 100 mg pure niobium metal i n  con- 
Prepare d i lu t ions  w i t h  

1:99 HF. 3' 

2) PAR reagent.  Completely wet 0.295g 4-( 2-pyridylazo)-resorci- 
no1 with 2 m l  of 5% NaOH and d i l u t e  t o  one l i t e r  w i t h  water. 
Prepare da i ly .  

3) Buffer Solution, pH 5.8. 
H 0, add.6.5 m l  of g l a c i a l  a c e t i c  ac id  and d i l u t e  t o  one l i t e r  2 w i t h  water. 

Dissolve 8Og of ammonium ace ta te  i n  

4) 

5)  Hydrofluoric acid, HF, 1:99. 

6)  Boric acid,  H BO 4%. 

7) 

8) 

9) N i t r i c  acid, HNO 16M. 

EDTA, Disodium ethylene diaminetetra-acetate, 0.024. - 

3 3, 
Hydrochloric acid,  HC1, 12N. - 

Hydrofluoric acid, HF, 27N. - 

3' - 
10) Perchlor ic  acid, HC104, 7 6 .  

11) Ammonium hydroxide, "),OH, 1:l. 
-r 

d. Procedure 

The potassium sample containing the  niobium so lu te  was melted and 
dissolved i n  t h e  manner described i n  Section 1. For t h e  determination of 
niobim,  t h e  cclleztor was  r insed  as foflovs: 1 2 N  RC1, Ii 0, 27 N E', and 
f i n a l l y  water. A l l  r in ses  were combined with the-originaf solutTon. 
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Pipe t te  a l iquots  containing 1 t o  5 pg Nb i n t o  50 m l  Teflon beakers, 
add 1 m l  HNO and 0.5 m l  of HC104. Evaporate the  solut ion t o  dryness. Warm 
the  residue a i t h  2 m l  d i l u t e  HF and a f e w  drops of water t o  dissolve t h e  salts. 
Then add 10 m l  EDTA, 5 m l  H BO , and ad jus t  the  pH t o  approximately 6 w i t h  
NH OH. Add 15 m l  PAR, and 3 m 2  buffer solut ion.  Transfer t he  so lu t ion  t o  
504m1 volumetric f l a sks  and add 15 m l  PAR and 5 m l  buf fer  solution. 
s tand for  one hour, d i l u t e  t o  volume, and read t h e  absorbance i n  a spectro- 
photometer a t  550 nm i n  10 cm absorption c e l l s  against  a reagent blank. 

L e t  

For a l iquots  of samples containing 10-70 ug of niobium, the  s teps  
involving t h e  evaporation w i t h  HNO and HC104 and the  d isso lu t ion  w i t h  d i l u t e  
HF' a r e  the  same as described i n  t h 2  procedure for the 1 t o  5 ug Nb samples. 
Then add 10 m l  of EDTA and 5 ml H BO t o  t h e  dissolved salts and ad jus t  the  
pH t o  6 w i t h  NH40H. Transfer the3so$utions t o  100 m l  volumetric f l a sks  and 
add 20 m l  PAR and 10 ml of buf fer  solution. L e t  stand f o r  one hour, d i lu t e  
the  solutions t o  volume and read a t  550 nm i n  2 or  5 cm absorption c e l l s .  

Cal ibrat ion curves are constructed by t r e a t i n g  standards prepared 
i n  s i m i l a r  matrices i n  t h e  same manner as t h e  samples. 

e. Discussion 

The method of Belcher e t  al .  (1) was modified t o  determine small 
amounts of Nb i n  t h e  presence of potassium salts and molybdenum. 
found t h a t  more PAR reagent was  required than was indicated by Belcher e t  al. 
Also, by using less volume and 10 cm absorption ce l l s ,  more s e n s i t i v i t y  was 
obtained. 
separation from the  potassium salts. 

It w a s  

I t  i s  possible  t o  determine 0.02 pg N b / m l  of f i n a l  volume without 

5. DETERMINATION OF TANTALUM I N  POTASSIUM 

a. Pr inciple  

Tantalum forms a br ight  red complex w i t h  phenylfluorone i n  a 
s l i g h t l y  ac id  solution. 
i s  avoided by a preliminary ex t rac t ion  of t he  tantalum with hexone from a 
solution 0.u HF-6M HC1. 
aluminum chlGide  7 s  added t o  complex the  f luor ide  ion. 
an adaptation of H i l l %  (9)  and Luke's (18) methods. 

Interference from sane metals present as impurities 

EDTA is  added t o  canplex co-extracted metals and 
This  procedure i s  

b. Apparatus 

1) Beckman Spectrophotaneter, Model DU. 

2) Cary Recording Spectrophotameter, Model 15. 

c. Reagents 

1) Phenylfluorone solut ion:  Dissolve 10 mg of phenylfluorone i n  
4 t o  5 drops of l2M hydrochloric acid and 10 ml ethanol.  
Di lu te  t o  100 m l  wTth ethanol.  Prepare dai ly .  

- 58 - 



Methyl i sobuty l  ketone (Hexone): Add a f e w  p e l l e t s  of sodium 
hydroxide t o  methyl isobutyl ketone and red is t i l l ,  discarding 
law boi l ing  and high boi l ing f rac t ions .  
by shaking 200 m l  of hexone with 100 m l  of HF-HC1 wash solut ion.  

Equi l ibra te  t h e  hexone 

EMTA solution: 
ace ta te  i n  1 l i t e r  of water and. f i l t e r  t h e  solut ion.  

Dissolve l O O g  of disodium ethylene dianinetetra-  

Standard Tantalum Solution, 1 m l  = 1000 ug: 
tantalum metal i n  hydrofluoric ac id  with t h e  a id  of a f e w  
drops of n i t r i c  acid.  
solut ion w i l l  be 4 M  i n  HF. 
hydrofluoric ac id  and  6M - i n  HC1. 

Hydrofluoric acid, HF, 4.m. 

Dissolve 100 mg 

D i l u t e  t o  100 m l  i n  such a way t h a t  the 
Prepare d i lu t ions  t ha t  are 0.M - i n  

Hydrofluoric acid - hydrochloric ac id  wash solut ion:  Di lu te  
100 ml of 4.W hydrofluoric ac id  and 500 m l  12M hydrochloric 
ac id  t o  one l i ter  with water. S tore  i n  polyetxylene container. 

Buffer solut ion:  Mix 5OOg ammonium acetate,  TOO m l  of g l a c i a l  
a c e t i c  ac id  and 500 m l  water. Add 2g of benzoic acid i n  20 m l  
methanol and dilute t o  two l i ters.  
ge l a t in  i n  1 l i te r  of hot water, cool and mix t h e  two solu- 
t ions .  

Dissolve 10 grams of Knox 

Adjust t h e  pH t o  4.5 w i t h  ammonium hydroxide or ace t i c  
acid. 

Aluminum 

Ethanol, 

c. Procedure 

The potassium 
i n  t h e  manner described 

chlor ide s o lu t  i on, 

absolute. 

samples containing 
i n  Section 1. The 

and t h e  f i n a l  solut ion was made 0 . b  i n  HF - 

A1C13, 3 solution. 

t h e  tantalum so lu te  were dissolved 
co l l ec to r s  were r insed  with 4.M HF 
and 6M - i n  H C 1  when d i lu ted  to-100 m l .  

Transfer a l iquots  of t he  sample solut ion t o  separatory funnels and 
extract with 5 ml of hexone f o r  10 minutes. 
ccanpletely and discard the  aqueous phase. Shake the hexone layer  with 5 m l  of 
t h e  HF-HC1 wash so lu t ion  f o r  one minute and. discard the  aqueous phase. 
of water without shaking, then separate and discard it. Repeat the water wash 
t o  remove ac id  from the  stopcock. 
by p ipe t  t o  the hexone so lu t ion  and shake fo r  t e n  minutes t o  s t r i p  the tantalum 
from t he  organic phase i n t o  the  aqueous phase. 
up t h e  emulsion. A l l o w  t h e  phases t o  separate (15-30 min.). 
aqueous phase i n  a 25 m l  volumetric f lask .  Wash t h e  hexone layer twice w i t h  
small port ions of buffer solut ion and t ransfer  t h e  washings t o  the  volumetric 
f l a sk .  
t o  the volumetric flasks and mix w e l l  a f t e r  each addition. Di lu te  t h e  solut ions 
i n  t h e  flasks t o  volume w i t h  buffer solution, mix and allow t o  stand f o r  one hour. 

A l l o w  the  phases t o  separate 

Add 2 ml 

Add 5 m l  each of EDTA and buffer  solut ions 

Add one m l  of e thanol  t o  break 
Collect  the  

Add 3 m l  of the aluminum chloride and 5 ml c,f t h e  pt.,eq-Lfl;;~morre retigents 

Measure t h e  absorbance i n  2 cm path length abscrption c e l l s  at  530 nm 
on a spectrophotometer using a reagent blank as a reference.  
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Obtain a ca l ib ra t ion  curve by measuring 0.10 pg of T a  i n t o  a solu- 
t i o n  tha t  i s  0.4M i n  HF and 6M i n  H C 1  and which has t h e  same t o t a l  volume i n  
the  separatory f;nneIs as the-samples. 
i n  t h e  same manner as i s  described f o r  t h e  samples. 

The rest of procedure i s  performed 

d. Discussion 

Interference due t o  potassium could not be detected, but  200 ug or 
more of No appeared t o  cause a pos i t ive  b ias .  I n  order t o  overcome any b i a s  
t h a t  the minor const i tuents  of the samples may cause, determine t h e  standard 
ca l ibra t ion  curves by dupl icat ing t h e  conditions t h a t  e x i s t  i n  the  samples. 

6.  DETERMINATION OF MOLYBDENUM I N  POTASSIUM 

a. Principle  

Molybdenum(V1) forms a green complex with toluene -3, 4 d i t h i o l  i n  
lN sulf’wric acid.  Ferrous s u l f a t e  acce lera tes  t he  formation of t he  molybden- 
5 d i t h i o l  complex, while c i t r i c  acid complexes tungsten and prevents i t s  
react ion w i t h  d i t h i o l  a t  room temperature. 

b. A-pparatus 

Beckman Spectrophotcmeter, Model DU. 

c. Reagents 

1) Di th io l  reagent:  
O.25M NaOH solution. 

Ferrous su l fa te ,  FeS04, 1% i n  0 . 2 N  H S O  

Sul fur ic  acid, H2S04, 6N.  - 

Dissolve lg toluene -3, 4 d i t h i o l  i n  100 m l  
- 

2) 

3) 

4) C i t r i c  acid, 5 6 .  

5 )  Phosphoric acid, H PO 85%. 

- 2 4’ 

3 4’ 
6)  Boric acid H BO 4%. 

7) 
3 3’ 

Hydrofluoric acid, HF, 27”. - 
d. Procedure 

The potassium samples containing the  molybdenum solu te  were re- 

The Cb-l$ Z r  co l lec tors  were r in sed  with water and HF and t h e  
ceived i n  Cb-1% Z r  col lectors ,  and were dissolved i n  the  manner described i n  
Section 1. 
rinsings combined w i t h  t h e  o r ig ina l  solut ion.  

Transfer sample a l iquots  containing 2-20 pg Mo t o  Teflon beakers 
and evaporate t o  near dryness. 
separatory funnel. 
after each addition: 
H BO 

Add 5 m l  of H2S04 and transfer t o  a 60 m l  

Di lu te  t o  25 m l  and add 3 m l  of t he  d i t h i o l  reagent aJd m x  w e l l .  

Add t h e  following reagents i n  order, and with mixing 
5 m l  FeS04, 1 m l  c i t r i c  acid, 3 drops H PO4! and 5 m l  

3 3’ 
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L e t  t h e  
d i t h i o l  
5 m l  of 

so lu t ion  stand f o r  two hours, and then ex t r ac t  t h e  molybdenum - 
complex w i t h  10 m l  of iso-amyl acetate .  
the  iso-amyl acetate .  

Repeat t he  extract ion w i t h  
Transfer the cmbined iso-amyl acetate  

ex t r ac t s  t o  a dry 25 m l  volumetric f l a sk .  Di lu te  t o  volume with iso-amyl 
ace t a t e  and read on a spectrophotometer against  a reagent blank i n  5 cm path  
length absurption c e l l s  at 670 nm. A ca l ibra t ion  curve i s  constructed by 
t r e a t i n g  2-20 ug Mo i n  t h e  same matrix as the  samples and i n  the manner 
described i n  the  procedure. 

e. Discussion 

I t  has been determined experj-mentally t h a t  400 mg K and 1000 pg Nb 
do not i n t e r f e r e  i n  t h i s  procedure. The method i s  e s s e n t i a l l y  t h a t  of 
Sandel l  (23) except f o r  t h e  addi t ion of boric acid,  which i s  needed t o  com- 
plex the  f luo r ide  ion. 

7.  EETERMINATION OF TUNGSTEN I N  POTASSIUM 

a. Pr inc ip le  

Toluene -3, 4 -d i th io l  forms a greenish blue complex with tungsten 
i n  t h e  presence of t i t anous  su l f a t e  i n  strong hydrochloric ac id  solution. 
The complex i s  extracted i n t o  chloroform. 

b. Apparatus 

Beckman Spectrophotometer, Model DU. 

c. Reagents 

1) Titanous su l f a t e :  ( 4  mg Ti/ml) . Dissolve l g  t i tanium metal 
i n  175 m l  water and 25 m l  3 6 ~  H SO Heat i n  boi l ing water 
bath u n t i l  t h e  metal i s  di~s<lv&3.~’Cool, and d i l u t e  t o  250 
m l  wi th  water. Prepare fresh dai ly .  

2 )  D i t h i o l  reagent:  Dissolve l g  toluene -3, 4 -d i th io l  i n  250 m l  
0.25N sodium hydroxide. Add 1 ml thioglycol ic  acid.  Prepare 
fresii da i ly .  

3) N i t r i c  acid, HNO 2M. 

4) Hydrofluoric acid, HF, 2’73. 

5 )  

3’ - 

Hydrochloric acid, HC1,  l 2 N .  - 

6 )  Sulfur ic  acid, H ~ S O ~ ,  3 6 ~ .  - 

7 )  Carbon te t rachlor ide ,  CC14,  reagent grade. 

d. Procedure 

The potassium sample containing the tungsten so lu te  was melted and 
dissolved i n  the  manner described i n  Section 1. For the  determination of 
tungsten, t h e  co l l ec to r  was r insed  i n  sequence wi th :  H,O, 12N HC1, H20, 27” 
HF’, and 2N HNO 

- 
A l l  soiut ions were combined w i t h  t h e  Zrigingl  sample. - 3’ 
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Add 5 m l  of su l fu r i c  ac id  t o  a l iquots  of t he  sample and evaporate 
t o  dense w h i t e  fumes. Add 10 drops of n i t r i c  ac id  and fume t h e  samples again. 
Add the following reagents i n  order, with mixing after each addition: 
T i  (SO ) 
9 % )  kos’five minutes and add 10 m l  d i t h i o l  reagent and 10 drops HF. 
t ransfer  t o  a separatory funnel using 10 ml C C 1  

t i o n  using 5 m l  C C 1  . 
chloride i n  absorption c e l l s  having a 5 cm path length, a t  640 nm. 

25 ml 

Cool, 
20 m l  H C 1  and 10 drops HF. Heat the samples i n  a water bath 80- 

and ex t r ac t  f o r  two minutes. 
Transfer t h e  organic phase t o  25 m l  volumetric l p  lasks  and repeat  the  extrac-  

Combine t h e  organic ex t r ac t  solut ions and d i l u t e  t o  
volume with CC14.  k ead the  absorbance of t h e  samples against  carbon t e t r a -  

e. Discussion 

I t  was determined experimentally t h a t  niobium and potassium do not 
i n t e r f e re  with t h e  determination of tungsten. 
on tha t  reported by Hobart and Hurley (10). 

The method developed was based 

8. DETERMINATION OF RHENIUM I N  POTASSIUM 

a. Pr inciple  

Rhenium i s  extracted i n t o  chloroform as the  tetraphenylarsonium 
I n  t h e  chloroform solution, t h e  addi t ion of aqueous f u r i l  dioxime camplex. 

and stannous chloride reagent forms a rhenium f u r i l  dioxime complex i n  t h e  
aqueous layer. The rhenium canplex i s  then re-extracted i n t o  the chloroform 
layer  

b. A-pparatus 

Beckman Spectrophutmeter,  Model DU. 

C. Reagents 

1 )  mil dioxime-stannous chlor ide reagent:  O.7g of the  salt 
dissolved i n  5 ml acetone and d i lu ted  t o  80 ml with lo$ SnCS. 

Tetraphenylarsonium chloride, (TPAC ) 0.1%. 

Hydrochloric acid, HC1, E N .  - 
2) 

3) 

4) Hydrofluoric acid, HF, 27N. 

5 )  Ni t r i c  acid, HNO 2N. 

6) C i t r i c  acid, l@. 
3’ - 

7) Sodium hydroxide NaOH, l&. 

8) Sodium bicarbonate, NaHNO lo$. 

9 )  Potassium permanganate, K M ~ O ~ ,  l$. 
3’ 

10) Stannous chloride, SnCl 
concentrated H C 1  and di?.Lte t o  100 m l  with H20. 

l@ dissolve log SnCl, i n  10 m l  



11) Acetone, Reagent grade. 

12) Chloroform, C H C l  Reagent grade. 3' 
d. Procedure 

The potassium containing the rhenium so lu te  was  melted and dis-  
solved i n  t h e  manner described i n  Section 1. For t h e  determination of 
rhenium the  co l lec tor  was treated with a ser ies  of r i n s e s  as follows: U N  
HC1, H20, 27N HF', H20, 2N HNO 
bined with tke o r ig ina l  solut$&. 

and H20. The r i n s e  solut ions were a l l  c&- 

Evaporate samples containing 0 t o  50 pg R e  t o  drynesso Dissolve 
t h e  residues i n  the  minimum amount of water required f o r  c m p l e t e  dissolu-  
t ion ,  and add 0.5 m l  c i t r i c  ac id  and 5 m l  NaHCO 
NaOH solut ion.  
samples t o  60 m l  separatory funnels. 
with 10 m l  chloroform. 
funnel, wash the  aqueous phase w i t h  3 m l  of chloroform, and combine the  
chloroform solutions.  Discard the  aqueous phase. Add 3 t o  4 m l  H 0 and one 
drop of KMn04 t o  the  combined chloroform solutions, and mix by shaging. Add 
10 m l  of fur l1  diaxime reagent and shake the solut ions for f i v e  minutes. 
add 5 m l  of acetone and shake u n t i l  t he  aqueous layer  becomes c lear .  
t h e  chloroform layer from t h e  separatory funnel i n t o  a 25 m l  volumetric f l a sk  
containing 5 m l  of acetone. Rinse the  aqueous phase with 3 m l  of chloroform. 
Combine t h e  chloroform solutions,  d i l u t e  t o  25 m l  with acetone and allow t o  
stand f o r  one hour. Measure the absorbance i n  a spectrophotometer a t  532 nm 
against  a reagent blank i n  absorption c e l l s  with path length of 2 o r  5 cm. 

Adjw t t h e  pH t o  8-9 with 
Add 2 m l  of tetraphenylarsonium 3' chlor ide and t r ans fe r  t he  

Shake t h e  solut ions f o r  three minutes 
Drain the  chloroform layer  i n t o  a clean separatory 

Then 
Drain 

The ca l ib ra t ion  curve was obtained by t r e a t i n g  0 - 50 pg of R e  
standards i n  t h e  same manner described for the  samples. 

e. Discussion 

It  was determined experimentally t h a t  400 mg of K and 1000 pg Nb 
had no e f f e c t  on the  determination of t he  rhenium. 
out as defined by Landrum and Henicksman (16), except f o r  t he  addi t iona l  
evaporation s t ep  which was needed t o  remove an excess of HF. 

The procedure was car r ied  

9. SAMPLF: PREPARATION FOR LITHIUM SAMPIES 

Each l i thium sample as received by the ana ly t i ca l  laboratory was con-- 
ta ined  i n  t h e  co l l ec t a r  used i n  the  t e s t  exposure. 
the  l i t h i u m  was suhmerged i n  water i n  a f lask  with arepn f l a r i n g  over t he  
water. When t h e  reac t ion  was cmple te ,  the l i thium hydroxide so lu t ion  was 
neutral ized with hydrochloric ac id  and the co l lec tor  w a s  r insed  with a r i n s e  
ac id  appropriate f o r  t he  so lu te  being analyzed. 
added t o  t h e  ac id i f i ed  solut ion obtained from the  metal dissolut ion.  
pa r t i cu la r  r i n s e  acid used f o r  each so lu te  is  described i n  the  procedure f o r  
t n a t  solute .  

The co l lec tor  containing 

The r i n s e  solut ions were 
The 
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10. DETERMINATION OF HAFNIUM I N  LITHIUM 

a. Principle  

Hafnium was present i n  t h e  dissolved l i thium sample as hafnium 
fluoride.  
centrated su l fur ic  acid.  The hafnium su l f a t e  was converted t o  hafnium 
"hydroxide" (probably f i n e l y  divided hydrous oxide), which was ca r r i ed  on 
Fe(0H) . 
plat in& t a r g e t  tube. 
sample was fumed and the r a t i o  of the hafnium peak height t o  t h e  lutetium 
peak height w a s  evaluated. 

The hafnium was  converted t o  hafnium s u l f a t e  by fuming with con- 

The hafnium w a s  then determined by x-ray spectrography using a 
Lutetium was added as an i n t e r n a l  standard befare the  

b. Apparatus 

General E l e c t r i c  Vacuum X-ray SpeCtrGgraph with Platinum Target 
Tube. 

c. Reagents 

Standard lutetium solut ion:  
f e w  m l  of concentrated HNO 
This so lu t ion  contains 1 Lu/ml. Di lu te  with water t o  
obtain a concentration of 5 pg/ml. 

Dissolve 114 mg of Lu 0 i n  a 
and d i l u t e  t o  100 ml w?t$ water. 

Standard hafnium solut ion:  Dissolve 100 mg of pure H f  metal 
i n  10 m l  of HF and a f e w  drops of HNO 
Dilute  with 1:99 HF t o  obtain a conce%ration of 2 pg H f / m l .  

and d i l u t e  t o  100 m l .  

Fer r ic  chloride, FeCl 1 mg Fe/ml. 3' 
Hydrofluoric acid, HF, 4N. - 

Sulfur ic  acid,  H2So4, 3 6 ~ .  - 

Ammonium hydroxide, NH40H, concentrated, 2%. 

Ammonium hydroxide, NH40H, d i lu te ,  0. IM. - 
d. Procedure 

The l i thium s m p l e s  containing the  hafnium so lu te  were received i n  
Mo-0.5 T i  co l lec ta rs .  The l i thium w a s  dissolved from t h e  co l lec tors  with 
water and ac id i f i ed  with hydrochloric ac id  as described i n  Section 9. 
col lec tors  were r insed  with 4N HF, t h e  r ins ings  were combined with t h e  d i s -  
solved metal so lu t ion  and the-combined so lu t ion  w a s  d i lu t ed  t o  100 m l .  

The 

P ipe t te  an a l iquot  of the  sample i n t o  a 100 ml beaker and add 5 m l  
lutetium standard so lu t ion  ( i n t e r n a l  standard),  and 5 m l  of con- 1 

:%&ted su l fu r i c  acid,  Bo i l  t h e  sample t o  dense white fumes of H2S04 and 
nearly t o  dryness. 
fuge tube and form a p rec ip i t a t e  with concentrated NH40H. 
t h e  prec ip i ta te  with d i l u t e  NHkOH and water, dry overnight a t  l l O ° C .  
t h e  Fe( OH) 
graphy u s d g  a platinum t a r g e t  tube. 

Dissolve the  sample i n  water, t r ans fe r  t o  a 40 m l  cen t r i -  

Analyze 
p rec ip i t a t e  containing t h e  hafnium and lutetium by x-ray S p e C t r O -  

Centrifuge. Wash 
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The x-ray instrumentation t o  be employed i n  the  ana lys i s  includes 
a platinum taxget  x-ray tube operated a t  50 KV and 40 ma; a LiF analyzing 
c rys t a l ,  a s c i n t i l l a t i o n  detector,  and a pulse height analyzer set t o  accept 
t h e  La l i n e s  of H f  and Lu. These peaks are scanned a t  a change i n  rate of 
28 of 0.4" per  min. with a time constant of 8 seconds. 
background f o r  each of these peaks i s  tabulated for all samples and 
standards, and t h e  r a t i o  of H f  peak height t o  Lu peak height i s  calculated.  
This  r a t i o  i s  p lo t t ed  against  pg Hf f o r  the standards and is  used t o  c a l i -  
brate t h e  samples. 

The height above 

A series of hafnium standards containing 0 t o  20 pg H f ,  5 pg Lu, 
1000 pg Mo and 500 mg L i  i s  run simultaneously w i t h  t h e  samples. 

e. Discussion 

Molybdenum and l i th ium do not a f f ec t  t h e  determination of t h e  
hafnium. The ef f ic iency  of the  hafnium precipi ta t ion,  as determined by per- 
forming t h e  p rec ip i t a t ion  as described i n  the  procedure and using a hafnium- 
181 t r a c e r  was fmnd  t o  be > g&$. 

11. DETERMINATION OF TANTALUM I N  LITHIUM 

a. Pr inc ip le  

Tantalum forms a br ight  red complex with phenylfluorone i n  a 
s l i g h t l y  ac id  solut ion.  Interference *om some metals present as impurities 
i s  avoided by a preliminary ex t rac t ion  of the  tantalum w i t h  hexone frm a 
so lu t ion  0.m HI?-@ HC1. 
aluminum c h l k i d e  is  added t o  cmplex  the f luor ide  ion. 
t i o n  of t h e  methods of H i l l  ( 9 )  and of Luke (18).  

EDTA i s  added t o  canplex co-extracted metals and 
This i s  an adapta- 

b. Apparatus 

1 )  Beckman Spectrophutometer, Model DU. 

2) Cary Recording Spectrophotometer, Model 15. 

c. Reagents 

Phenylfluorone solution: Dissolve 10 mg of phenylfluorone i n  
4 t o  5 drops of l 2 M  hydrochloric ac id  and 10 m l  ethanol.  D i -  
l u t e  t o  100 m l  w i t %  ethanol. Prepare daily.  

Methyl isobutyl  ketone (Hexane) : Add a f e w  p e l l e t s  of sodium 
hydroxide t o  methyl isobutyl  ketone and redis t i l l ,  discarding 
low bo i l ing  and high boi l ing f rac t ions .  
hexone with 100 m l  of HF-HC1 wash solut ion.  

Equi l ibra te  t he  

EDTA solut ion:  Dissolve lOOg of disodium ethylene diaminete- 
t r a - ace t a t e  i n  1 l i t e r  of water and f i l t e r  t h e  solution. 

Standard tantalum solut ion:  1 m l  = 1000 pg. Dissolve 100 mg 
tantalum metal i n  hydrofluoric ac id  with t h e  aid of a f e w  
drops of n i t r i c  acid.  
the so lu t ion  vi11 be kV i n  W. 
0.4M - i n  hydrofluoric acid and 6M - i n  HC1. 

Dilute t o  100 m l  i n  such a way tha t  
&Prepaxe dlliiiil~iis t h a t  are 
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Hydrofluoric acid, HF', 4 M .  - 

Hydrofluoric ac id  - hydrochloric ac id  wash solut ion:  Di lu te  
100 m l  of 4.W hydrofluoric ac id  and 500 m l  12M hydrochloric 
ac id  t o  one l7ter w i t h  water. Stare i n  polyetxylene container.  

Buffer solut ion:  Mix 5OOg ammonium acetate ,  700 m l  of g l a c i a l  
ace t i c  ac id  and 500 m l  water. Add 2g of benzoic ac id  i n  20 m l  
methanol and d i l u t e  t o  two l i t e r s .  
ge l a t in  i n  1 l i t e r  of ho t  water, cool  and mix the  two solu- 
t ions .  
acid.  

Dissolve 10 grams of Knox 

Adjust t h e  pH t o  4.5 with ammonium hydroxide or ace t i c  

Aluminum chlor ide solution, A l C l  

Ethanol, absolute. 

i"$ solut ion.  
3' 

d. Procedure 

The l i th ium samples containing t h e  tantalum so lu t e  were received 
The l i t h i u m  was  dissolved fran t h e  co l lec tors  i n  i n  Mo-1/2 T i  co l lec tors .  

accordance with t he  procedure described i n  Section 9. 
r insed w i t h  4M hydrofluoric acid.  
flueric ac id  and 6M - i n  hydrochloric ac id  and d i lu t ed  t o  100 m l .  

The co l lec tor  w a s  
The f i n a l  solut ion was made 0.4M - i n  hydro- 

Transfer an a l iquot  of the sample so lu t ion  t o  a separatory funnel  
Allow the  phases t o  separ- and ex t rac t  with 5 m l  of hexone for 10 minutes. 

ate completely and discard t h e  aqueous phase. 
5 ml of t h e  HF-HC1 wash so lu t ion  f o r  one minute and discard the  aqueous 
phase. Add 2 m l  of water without shaking, separate,  and discard t h e  aqueous 
phase, Repeat t h e  water wash t o  remove ac id  fran the  stopcock. Add 5 m l  
each of EDTA and buffer  solut ions by p ipe t t e  t o  the hexone solut ion and allow 
t o  shake far 10 minutes t o  s t r ip  the  tantalum from the organic phase i n t o  
t h e  aqueous phase. Add one m l  of e thanol  t o  break up the emulsion. A l l o w  
the phases t o  separate  (15-30 min.). Col lect  the  aqueous phase i n  a 25 m l  
volumetric f lask .  Wash the  hexone layer twice w i t h  small part ions of buffer  
solut ion and t r ans fe r  the  washings t o  the  volumetric f lask.  Add 3 m l  of the 
aluminum chlor ide and 5 m l  of t he  phenylfluorone reagents t o  the volumetric 
flasks with buffer  solut ion.  Mix and allow t o  stand for one hour. 

Shake the hexone layer with 

Measure absorbance i n  2 cm path length absorption c e l l s  at 530 nm 
on a spectrophotometer against  a reagent blank as a reference.  

Prepare a ca l ibra t ion  curve by measuring 0 t o  10 ug of Ta  i n t o  a 

The rest of procedure is 
solut ion that i s  0.4M i n  HF and 6M i n  H C 1  and which had the  same t o t a l  
volume i n  the separaxory funnels 5 s  t he  samples. 
performed i n  the  same mmner as is  described far the  samples. 

e. Discussion 

Interference due t o  l i t h i u m  could not be detected. However, 200 pg 
or more of Mo appeared t o  cause a pos i t i ve  bias. 
bias that the  const i tuents  of the  samples may cause, t he  standard ca l ib ra t ion  
curves a re  determined by dupl icat ing the  conditions that  e x i s t  i n  t h e  samples. 

I n  order t o  overcane any 

- 66 - 



12. DETERMINATION OF MOLYBDENUM I N  LITHIUM 

a. Pr inc ip le  

Molybdenum(V1) forms a green complex with toluene-3, 4 d i t h i o l  i n  
lN sulfuric acid.  
bxenum-dithiol complex while c i t r i c  ac id  canplexes tungsten ard prevents i ts  

Ferrous su l f a t e  accelerates  the formation of the moly- 

r e a c t  ion  

b. 

C. 

a. 

i n  Cb-@ 

with t h e  d i t h i o l  a t  room temperature. 

Apparatus 

Beckman Spectrophotometer, Model DU. 

ReaRent s 

D i t h i o l  Reagent: 
of O.25N NaOH. 
Prepare-dai l y  . 

Dissolve l g  toluene-3, 4 d i t h i o l  i n  250 m l  
After dissolut ion add 1 m l  th ioglycol ic  acid.  

Molybdenum Standard: Dissolve 200 mg pure molybdenum metal 
i n  10 m l  1:l HNO and d i lu t e  t o  100 m l  with H 0. For speci-  
f i c  s t a n W d s  di2ute a l iquots  of t h e  stock sofut ion wi th  0.lN - 
" 0  

Ferrous sulfate, FeSO 

Su l fu r i c  acid, H2S04, 6N. - 
Phosphoric acid, H PO 85$. 

N i t r i c  acid, RNO 2N. 

Formic acid, HCOOH, Reagent Grade. 

3' 
1% i n  0.m - H2S04. 

4 7  

3 4' 

3, - 

C i t r i c  acid, 5@. 

Iso-amyl acetate ,  Reagent 

Procedure 

The l i thium samples containing 
Z r  co l lec tors .  The lithium was 

Grade. 

the molybdenum 
dissolved from 

so lu te  were received 
the  co l lec tors  as is  

described i n  Sect ion 9. 
were r insed  w i t h  water and with hot 2N HNO and the  cmbined so lu t ion  was 
then  d i lu t ed  t o  100 m l  with water. 

For the determination of molybdenum, the co l lec tors  

- 3' 

B o i l  an a l iquot  of t h e  sample with formic acid t o  remove the 
oxides of nitrogen, and t r a n s f e r  t o  separatory funnels.  
reagents i n  order, and with mixing a f t e r  each addi t ion:  
1 m l  fe r rous  su l fa te ,  1 m l  c i t r i c  acid, and 4 drops H PO4. 
with water, add 5 ml d i t h i o l  reagent, allow the solut?on t o  s tand f o r  two 
hours, and then ex t r ac t  with 15 ml iso-amyl acetate .  
5 m l  iso-amyl ace t a t e  and combine. 
volumetric f lask,  d i l u t e  t o  volume with iso-amyl acetate ,  and read aga ins t  
is=-amyl ace t a t e  a t  670 nm i n  5 cm absorption cells. 

Add the following 
5 ml su l fu r i c  acid, 

Di lu te  t o  25 m l  

Extrac t  again with 
Transfer t h e  iso-amyl ex t r ac t  t o  a 25 m l  

- 67 - 



The ca l ib ra t ion  curve was  obtained by p ipe t t i ng  0-10 pg of molyb- 
denum i n t o  separatory funnels and following t h e  procedure as outlined. 

e. Discussion 

It was determined experimentally t h a t  n i t r a t e  i n t e r f e r e s  w i t h  t h e  
development of t h e  molybdenum by destroying the  d i t h i o l  reagent. 
t h e  300 mg level,  niobium a t  t h e  1000 ug level ,  and tungsten at  t h e  50 vg 
l e v e l  have no e f f e c t  on t h e  determination of molybdenum by the d i t h i o l  proce- 
dure. 

Lithium a t  

The method was based on t h a t  reported by Sandell  (23) .  

13. DETERMINATION OF TUNGSTEN IN LITHIIJM AM) NIOBIUM 

a. Pr inciple  

Toluene -3, 4-Dithiol forms a greenish blue complex with tungsten 
i n  the  presence of t i t anous  s u l f a t e  i n  strong hydrochloric ac id  solut ion.  
This  cmplex i s  extracted i n t o  chloroform f o r  analysis .  

b. Apparatus 

Beckman Spectrophotometer, Model DU. 

c. Reagents 

1) Titanous su l fa te ,  ( 4  mg T i / m l )  : 
i n  175 m l  water and 25 m l  3 6 ~  H S O  Heat i n  a b o i l i n g  water 
bath u n t i l  t he  metal i s  d i s s ~ l ~ ~ d . ~ * C o o l  and d i l u t e  t o  250 m l  
w i t h  water. Prepare fresh dai ly .  

D i t h i o l  Reagent: Dissolve lg toluene -3, 4-dithiol. i n  250 m l  
O.25N sodium hydroxide. Add 1 m l  th ioglycol ic  acid.  %pare 
f i e &  dai ly .  

Dissolve lg t i tanium metal 

2) 

3) N i t r i c  acid,  concentrated, HNO 16~. 

4) Hydrofluoric acid, HF, 27N. 

5 )  

6 )  

7) 

8) 

3' - 

Hydrochloric acid,  HC1, 12N. - 

Sulfur ic  acid,  H2S04, 18N. - 
Ni t r i c  acid, d i lu te ,  2M. - 

Carbon te t rachior ide ,  CC14, Reagent Grade. 

d. Procedure 

Li thium samples containing the  tungsten so lu te  were received i n  Cb-  
1$ Z r  co l lec tors .  
es i s  described i n  Section 9. The co l l ec to r  was r insed  with hot 2N HNO and 
water, and t h e  r i n s e  so lu t ions  were canbined w i t h  the metal d i s s o l a i o n  solu- 
t i o n  and d i lu ted  t o  100 m l .  

The l i thium was dissolved frm t he  co l l ec t a r s  with water 

3 
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Add 5 m l  of su l fu r i c  ac id  t o  an aliquo+, of t he  sample and evagorate 
t o  dense white fumes. 
t h e  sample. Add the  following reagents i n  order and with mixing after each 
addi t ion:  25 ml Tig(S04)3; 20 m l  hydrochloric acid, and 10 drops hydroflu- 
o r i c  acid. 
10 m l  d i t h i o l  reagent and 10 drops of HF. 
funnel using 10 m l  of CC1 
phase t o  a 25 m l  volumetrlc f l a s k  and repeat t h e  ex t rac t ion  using 5 m l  C C 1  
Read t h e  samples against  carbon te t rachlor ide  i n  5 cm path length absorption 
cells at 640 nm. 

Add 10 drops of concentrated n i t r i c  ac id  and again fume 

Heat t h e  samp es i n  a water bath (80-90") f o r  f i v e  minutes. 

and ex t rac t  for  two minutes. 

Add 
Cool, t r ans fe r  t o  a separatory 

Transfer t he  organic 4' 
4' 

e. Discussion 

It  was determined experimentally t h a t  l i thium a t  the  200 mg l e v e l  
and niobium a t  the  1000 pg l e v e l  had no e f f ec t  on t h e  determination of 
tungsten by the  d i t h i o l  procedure. 
Hobart and Hurley (10). 

The procedure i s  e s sen t i a l ly  t h a t  of 

14. DETERMINATION OF RHENIUM IN LITHIUM 

a. Pr inc ip le  

The determination of rhenium i n  lithium i s  based on the  formation 
of t h e  purple rhenium-f'uril dioxime complex. The rhenium-furil dioxime 
complex is  f a m e d  by reducing t h e  perrhenate with stannous chloride i n  t h e  
presence of an excess of t h e  f u r i l  dioxime reagent.  The ccanplex is  sepasa- 
ted  f o r  ana lys i s  by a chloroform extraction. 

b. Apparatus 

Beclanan Spectrophotometer, Model DU. 

c. Reagents 

F u r i l  dioxime: 
l u t e  ethanol.  Prepare f r e sh  d i r e c t l y  before use. F u r i l  
dioxime obtained from Eastman Organic Chemicals was used 
without pur i f ica t ion .  

Stannous chloride, SnCl 16. Dissolve log SnC12 i n  10 m l  
concentrated H C 1  and d i ? k e  t o  100 m l  with H20. 

Xydrochloric acid, HC1, concentrated, 1%. - 
Hydrochloric acid, HC1, d i lute ,  0.w. - 
N i t r i c  acid, HNO 6M. 3' - 
Fcrrmic acid, Eiesge~t S-ra&, 

Sodium Hydroxide, NaoH, 1&. 

Ethanol, absolute, Reagent Grade. 

Chloroform, C H C l  Reagefit Grade. 

Dissolve 0.8g f'uril dioxime i n  100 m l  abso- 

3' 
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d. Procedure 

Li thium samples containing t h e  rhenium so lu t e  were received i n  C b -  
1% Z r  co l lec tors .  
described i n  Section 9. The co l l ec to r s  were r insed  i n  sequence with water, 
hot  64 HNO and water. A l l  of t he  so lu t ions  were combined and d i lu ted  t o  

The l i thium was dissolved from the co l l ec t a r s  as i s  

loo m i .  3’ 

Heat an al iquot  of t he  l i thium sample containing 0-10 pg R e  twice 
w i t h  5 m l  of formic ac id  t o  remove t h e  oxides of nitrogen. 
of the n i t r a t e s ,  neut ra l ize  the sample t o  a phenolphthalein end point  with 
sodium hydroxide. Add 2 m l  concentrated H C 1  and d i l u t e  t o  30 m l  w i t h  H20. 
Transfer the solut ion t o  a separatory funnel using d i l u t e  hydrochloric ac id  
t o  r inse  the  beakers. Add 10 m l  of fu r i l  dioxime with mixing, followed by 
10 r n l  of stannous chloride.  A f t e r  mixing, allow the so lu t ion  t o  stand f o r  
one hour. Extract  the  rhenium-furil dioxime complex i n t o  10 m l  of chloro- 
form. Transfer the  organic phase t o  a 25 m l  volumetric f l a s k  and d i l u t e  t o  
volume w i t h  ethanol. 
blank (15 m l  C H OH + 10 m l  CHC13) i n  5 cm path length absorption c e l l s ,  at 

A f t e r  the removal 

Read the  samples on a spectrophotaneter against  a 

2 5  532 nu. 

Obtain a ca l ib ra t ion  curve by t r e a t i n g  0-10 pg of rhenium i n  the  
same manner as described i n  the procedure. 

e. Discussion 

It w a s  determined experimentally that  n i t r a t e  and f luor ide  i n t e r -  
f e r e  with the  rhenium color  and cause l o w  r e s u l t s .  Tungsten w a s  checked a t  
a r a t i o  of 20:l t o  rhenium and w a s  found t o  have no e f f ec t .  A s  much as 300 
mg of l i t h i u m  and 1000 vg of niobium a l s o  showed no e f f ec t .  
ethanol proved t o  be a good solvent f o r  t h e  f u r i l  dioxime and it a l s o  acted 
t o  prevent the  formation of emulsions that  have a tendency t o  form i n  the  
extract ion s tep.  

Absolute 

A spectrophotometric scan was made on a Cary Recording spectropho- 
tometer and it showed t h a t  t h e  maximum absorption of the  rhenium-furil 
dioxime complex lies between 535 and 515 m. There appeared t o  be no other 
interference peaks i n  the presence of niobium and l i thium. 

There was some evidence t h a t  rhenium i s  l o s t  i n  the fuming process 
i n  the absence of lithium. This w a s  not f u l l y  invest igated because the 
samples being analyzed i n  t h i s  laboratory always cor?tained l i thium. 

The method described here was based on those reported by Meloche e t  
al., (21) and Landrum and Henicksman ( 16). 
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APPENDIX B 

Specif icat ions and Performance Data far t h e  High 

Temperature So lub i l i t y  T e s t  Furnace 

The spec i f ica t ions  which were sent  t o  prospective f ab r i ca to r s  of t he  
I required 1600Oc tes t  furnace are given below. The successful  bidder was 

Centorr Associates, Inc ., Suncook, N e w  Hampshire. 

The furnace must be capable of maintaining the tes t  capsule a t  
a temperature l e v e l  of 1 6 0 0 ~ ~ .  

I 

3. 

4. 

5. 

6. 

7. 

The temperature gradient along the t es t  capsule m u s t  be such 
t h a t  t h e  ends are maintained within 2OC of the center.  (Tne 
temperature l e v e l  cont ro l  point  i s  a tungsten-rhenium tnermo- 
couple which i s  pressed against  t h e  capsule at t h e  nominal 
mid-point of length of t h e  capsule). 

The fbrnace i s  t o  have a clam-shell design with one f ixed  p a r t  
and one movable p a r t  which swings mtwarrd on a v e r t i c a l l y  
mounted shaft t o  f u l l y  expose t h e  i n t e r i o r  of t h e  furnace hot 
zone t o  allow removal of t h e  capsule as described below. The 
movable p a r t  of t h e  furnace s h a l l  be stable i n  both t h e  f u l l y  
closed and t h e  ful ly  open posit ions,  i.e., the furnace door 
must not swing closed when open, nor open when closed. 

The furnace w i l l  p e f e r a b l y  have a water-cooled outer she l l ,  
t h a t  is, botn the  movable and t h e  f ixed  p a r t s  must be cooled. 
Methods of cooling other than a d i rec t  water-cooling may be 
used, bu t  i n  no case should any par t  of the outer furnace s h e l l  
exceed 400°C during a =-hour t e s t  exposure a t  1600"~.  

The furnace door shall be f i t t e d  with a su i t ab le  handle t o  
allow i t s  being opened witn t h e  manipulators which are a p a r t  
of t h e  ex i s t ing  vacuum chamber. 

A cup or  yoke i n  which t h e  t e s t  capsules w i l l  be seated during 
t e s t i n g  must be provided. 
0.005 inches, and there  m u s t  be a l / l6- inch diameter hole 
d r i l l e d  t'hrough on a diameter of the cup and 1/16 - 5/64 inch 
e a r n  t h e  inner bottom of the  cup. The cup i n  t u r n  is supported 
by a r e f r ac to ry  metal column whose other end i s  fastened t o  a 
hor izonta l  shaft wnich passes through t h e  furnace below t h e  hot 
zone. 

The I D  of the  cup m u s t  be 0.760 li: 

The t e s t  capsule i t s e l f  is  6 3/4 inches long and 3/4-inch i n  
diameter, except i n  t h e  region of t he  cap, which i s  one-inch 
i n  diameter and about one inch i n  length. 

The horizontal  shaft which supports t h e  capsule during the  t es t  
m u s t  be ro t a t ab le  through 180" t o  allow t h e  capsule t o  be swung 
forward out of t h e  furnace after the movable h a l f  of the  furnace 
has been swung aside. I n  addition t o  removing t h e  capsule from 
t h e  furnace, t h e  capsule i s  inverted i n  t'nis operation. 
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8. 

9. 

10 

11. 

12. 

13 

14. 

15 

16. 

1-7 

18. 

The horizontal  sha f t  which supports t h e  capsule s h a l l  a l s o  have 
a means of ad jus t ing  the  pos i t ion  of t h e  capsule i n  the  hot zone 
of t h e  furnace and must support t he  capsule during t h e  t e s t  
per iod so  as t o  avoid i t s  f a l l i n g  against  t he  heating element. 

The furnace s h a l l  be mounted on a support a t  an elevat ion such 
t‘nat t he  capsule can be swung o u t w d  and downward t o  becone f u l l y  
inverted beneath t h e  furnace. If necessary, tlie ex is t ing  base- 
p l a t e  i n  t h e  vacuum chamber may be modified t o  accoamnodate t h i s  
requirement. The use of a r ap id  quench on the  t es t  capsule cap 
i s  an important requirement of t h e  t e s t  procedure. 

The maximum length of t h e  furnace heating element s h a l l  be 
twelve inches, and t h e  element s h a l l  be made of tantalum s t r i p ,  
or t h e  equivalent.  

The diameter of t h e  furnace heat ing element (which bounds t h e  hot 
zone) s h a l l  be 1 1/2 inches. 

The furnace s h a l l  be f i t t e d  with s i x  (6)  thermocouple assemblies. 
Means f o r  pressing t h e  thermocouple beads against  the capsule 
must be provided. 

Tne thermocouples s h a l l  be tungsten-$ rhenium vs tungsten-26$ 
rheniun, and s h a l l  be 0.010 diameter wire or  larger ,  and t h i r t y  
( 3 0 )  inches long, and shall be mounted i n  one or more vacuum 
feed-throughs which are themselves mounted on a type 304 
s t a i n l e s s  s tee l  p l a t e  which is  double O-ring sealed t o  one of 
t h e  penetrat ions i n  t h e  chaaber wall. 

Thermocouple insu la t ion  s h a l l  be provided and must be made of a 
very high p u r i t y  grade of A120 (or of a material of equivalent 
thermal s t a b i l i t y )  f o r  use i n  $he highest  temperature regions 
of t h e  furnace. I n  the  cooler regions along t h e  length of t h e  
thermocouple, any su i t ab le  ceramic insu la t ion  ( such as bead.s) 
which w i l l  allow f lex ing  of t h e  thermocouples may be used. 

All rad ia t ion  sh ie lds  and suppor’is use6 i n  tlie furnzcc shall  be 
ma& of tantalum or of tungsten. 

The furnace s k l l  n2.y be made of any su i t ab lc  mater ia l .  

The furnace assembly s h a l l  be designed t o  operate within n. 
chamber whose inner d i m e t e r  i s  nominally 24 inches (which 
chamber has a 22 inch unobstructed diameter), and whose height 
is nominally 22 inches. By nodlfying t h e  base p l a t e  and using 
t h e  head space i n  the  domed chamber l i d ,  t h e  t o t a l  usable 
height can be increased t o  26 inches i n  a 20 inch diameter. 

The vacuum charher has the fo l lov ing  p a r t s  avai lable  f o r  use f o r  
power leads, thermocouple leads and cooling water feed-through : 

- 72 - 



a. Three each, 4-inch diameter ( c l ea r  area), 

b. One each, 7-inch diameter (c lear  area), 

c. One each, 3-inch diameter ( c l ea r  area) .  

The furnace manufacturer s h a l l  provide a l l  covers f o r  po r t s  
ac tua l ly  used i n  t h e  ove ra l l  furnace assembly and appurtenances. 
P w t s  not s o  used need not have new covers. All new covers 
s h a l l  have a double C-ring seal with Viton-A O-ring material 
for t h e  inner seal ,  and neoprene ( o r  Viton-A) f o r  t h e  outer  
seal. 
a standard 1/8" pipe thread. 

A between-ring pump-out s h a l l  be provided terminating i n  
The O-ring s i z e s  t o  be used are: 

Bol t  
C l e a  0-Ring Size C i rc l e  No. OD 

Diameter V i t  on-A Neoprene Diameter Bolts  Flange 

3 #2-236 $2-241 4.75'l 4 6.00" 
11 1' 49-244 #2-250 6.00" 6 6.63" 
7 jf2-443 #2 - 446 9.50" 8 io .50" 

19. The vacuum chamber (without i t s  pumping system) w i l l  be shipped t o  
t h e  furnace manufacturer's p lan t  at A I  expense. The furnace manu- 
fac turer  must design t h e  furnace, together with t h e  necessary 
parer  lead, thermocouple, and cooling water feed-throughs, t o  f i t  
and t o  operate within t h e  chamber. The chamber and t h e  furnace 
( su i t ab ly  packaged) s h a l l  be shipped a t  t h e  furnace manufacturer I s  
expense t o  A I ,  
sat i sf a c t  or y performance demonstrated . The furnace s h a l l  then be set up at  A I  and i t s  

20. Sa t i s f ac to ry  performance of the  furnace s h a l l  consis t  of proof of 
t h e  attainment of t h e  temperature and temperature gradient 
requirements, and opera t i  n at 1600°C f o r  8 hrs while maintaining 
a vacuum level of 3 x 10 
system uses a NRC 6-inch o i l  diffusion pump system having a 
l i q u i d  ni t rogen baf f le ,  a water baffle,  and a Welch Moclel 1397 
mechanical pump. 

Two complete heeking elements are  required as spares ( t h r e e  
complete elements i n  a l l . )  

-8 t o r r  o r  lover. (The ex is t ing  vacuum 

Daw Corning pump f l u i d  # 705 is used.) 

21, 

22. Four spare thermocouples are required ( t e n  complete thermocouple- 
witi i- insulation sub-assenblies . ) 

23. The furnace s h a l l  be placed within the chamber t o  permit operation 
of t h e  door and the  capsule inversion operation t o  be performed 
with the  ex i s t ing  manipulator. 

24, )Lx4.hc.Ggh o y c L A L i L . a u i v r i s  I-.._^ fC.?^.L-^-- 6 . c a t - A ~  ----*I. ue B ~ j r e f ~ ~ ~ e d  f 'ii~iia~e tksigii, 
t h e  proposer may o f fe r  an a l t e rna te  design which satisfies t h e  
bas ic  operat ional  requirements of temperature, temperature 
gradient, capsule posi t ioning i n  the  furnace, and capsule inver- 
s ion and quenching. 
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25. A step-down power transforriier which i s  properly impedance matched 
and s ized t o  the  furnace heat ing element requirements s h a l l  be 
provided. The transformer must have a 220 v AC power input.  
Lead wires s h a l l  be provided t o  go from t h e  secondary c o i l  of the  
transformer t o  the furnace power feed-through. The maximum 
length of these leads i s  s ix  feet. The estimated parer  require-  
ment f o r  16oo0c operation sha l l  be quoted i n  t h e  response t o  t h i s  
request  fo r  quotation. 

The furnace input vs temperature data obtained by the manufacturer are 
shown graphical ly  i n  Fig. 16. 
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1700 14.5 315 
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KVA 
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1.29 
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5.2 

1000 1500 2000 
TEMPERATURE (OC) 

Figure 16. High Temperature Furnace Input-Temperature Data. 
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APPENDIX c 
Analyses of Solute, Collector, and Capsule Materials 

Used i n  Solubi l i ty  Experiments 

1. Solute Materials 

T - l l l  Allog (m.p. -2980OC). Fansteel  Lot # ID1633 
Element Content (wppm) Element Content (wppm) 

Nb ll0 C < 10 
H < 5  C r  < 10 
0 25 V < 10 
N 10 co 
Fe 20 W 7.87% 
N i  < 10 H f  2.03% 
Mo 100 T a  balance 

Research Center, Cleveland, Ohio. 

10 

A S T A R 8 1 1 C  Alloy (m.p. - 3000°C). Supplied by NASA - Lewis 

Nominal cornposit ion : 

Element Content. w t .  k 
w 8 
Re 1 
H f  1 
C 0.025 
T a  balance 

Ta-0.5 Z r  Alloy (m.p. - 299OOC). Fabricated by Westinghouse Astro- 
nuclear Laboratory from Fansteel r a w  materials.  

Element 

C 
0 
N 
W 
Nb 
Mo 
T i  
Fe 
Ni 
si 
Mn 

Element 

Ca 
Al 
cu 
sn 
C r  
V 
co 
Mg 
Z r  
T a  

content ( WPW) 

5 P P  
< 5 P P  
< 5 P P  

5 P P  
< 5 P P  
< 5PPm 
< 5 P P  
< 5 P P  

0.46% 
balance 



Cb-1Zr Commercial Alloy (m.p. 2WOOC). Haynes Alloy CJ3-751, 
heat # 5191. 

Element Content (wppm) 

C 
0 
H 
N 
Z r  
Nb 

70 
55 
4 
54 
0.95% 

balance 

Fabricated by Westinghouse Astro- ~b-0.5 Z r  n o s  (m.p. - 2rc00Oc) 

nuclear Laboratory from Fansteel raw materials.  

Element Content (wppm) 

C 
0 
N 
Ta 
T i  
Fe 
W 
S i  
Mo 
B 
Z r  
Nb 

Mo-0.5 Z r  Alloy (mop. - 2600OC). Fabricated by Westinghouse Astro- 
nuclear Laboratory from Fansteel  raw m t e r i a l s .  

Element Content (wppm) 

C 
0 
N 
w 
si 
N i  
Fe 

Others 

Z r  
Mo 

12  - 15 
15 - 31 
15 - 34 

< 200 
< 100 
< a 0  

50 
< 50 

0.51% 
balance 
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IIafnium (m.p. 213OOC). Electron beam zone re f ined  mater ia l  fa'ori- 
cateci by Materials Research Corparation. _--- 

Element - Content ( q p m )  - Element ------ Content (irppm) 

C 
0 
N 
A 1  
co  
cu  
Fe 
k1.G 
Mn 
M 0 
1% 
N i  
S i  

T a  
T i  
v 
w 
B 
Cd 
C r  
N a  
Pb 
C a  
Sn 
U 

< 100 
< 20 
< 5  
< 10 
< 0.2 
< 2  

20 
< 5  
< 10 
< 20 
< 20 
< 1  

Zirconium (n.p. 1 8 3 0 " ~ ) .  Electron beam zone re f ined  mater ia l  f ab r i -  
cated by Materials Research C orporati on. 

Elernext Content (vppm) Element - Content (wppm) 

L i  
B e  
B 
C 

N2 
0, 
F' 

H2 
Mg 
A 1  
S i  
P 
C! 
K 
Ca 
T i  
v 
Cr 
M n 
Fe 
c o  
N i 
cu 
Zn 
G a  
G e  
As 
Se 
Br 
R b  

0.001 
< 0.01 
0.005 
6.0 
2.1 

125.0 
< 0.1 
3.3 

< 0.05 
3.c 
1.5 
0.1 
2 .o 
0.004 

1.0 

0.5 

0.04 

0.05 

< 0.03 
30.0 

< 0.007 
1-05 
0.01 

< 0.5 
< 0.02 
< 0.03 
< 0.01 
< 0.01 
< 0.02 
< 0.02 

Sr 
Y 
m 
Mo 
Ru 
Rh 
Pd 
A@; 
Cd 
I n  
Sn 
Sb 
T e  
I 
C S  
Ba 
La 
Ce 
FT 
Nd 
Sm 
Eu 
Gd 
Tb 

Ho 
Er 
Tn 
Y b  
Lu 

DY 

< 0.05 
< 0.15 
< 0.5 
< 0.6 
< 0.6 
< 0.2 
< 0.8 
< 0.4 
< 0.5 
< 0.08 
< 0.25 
< 0.15 

< 0.07 
< 0.07 
< 0.1 
< 0.08 
< 0.08 
< 0.08 
< 0.3 

0.06 
< 0.04 
< 0.07 
< 0.02 
< 0.06 
< 0.02 
< 0.05 
< 0.02 
< 0.1 
< 0.01 

< 0.4 
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Element Content (WPpm) 

H f  <40.0 

Re < 0.3 

Ir < 0.03 

T a  0.2 
w < 0.7 

os < 0.4 

pt < 0.2 

Element Content (wppm) 

Au < 0.2 
Hf3 < 0.7 
T 1  < 0.012 
n 0.015 
B i  0.007 
Th < 0.008 
U < 0.05 

Rhenium (mop. 3170°C) . Solute crucible  fabr icated by Chase Brass 
and Copper Co., Inc., from sheet stock, l o t  #~s-58. 

Element Content (wppm) 

A 1  
Ca 
C r  
c u  
Fe 
Mg 
Mo 
N a  
N i  
S i  
W 

TZM Commercial Alloy (mop. 2610Oc). A specif ic  analysis  of t he  TZM 
Impurity l eve l s  are expected 

Nominal composition of t h e  a l loy  and maxi- 

used as so lu te  is not available.  
t o  be consis tent  wi th  those reported f o r  t h e  other re f rac tory  
metal a l loys  used. 
mum impurity content ere  given below. 

Impurit ies 

0 
N 
H 
W 
S i  
Fe 
C r  
Sa 
N i  
cu 

Element 

T i  
Zr 
C 
Mo 

max. wppm 

20 
10 
5 

120 
80 
80 
25 
40 
20 
20 

Nominal Content (wt.8) 

0.5 
0.07 
0 -03 

balance 

Impurities max. wpp m 

A 1  
Ca 
Mn 

co 
Pb 
Ta 
Xb 
V 

Mg 

20 
20 
20 
20 
20 
10 
100 
100 
100 
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Tungsten (mop. 3380°C) . Tungsten crucibles  were fabr ica ted  a t  
Atcxnics In t e rna t iona l  by a vapor deposit ion process which 
involves t h e  hydrogen reduction WF6 on a heated s t a i n l e s s  
s teel  mandrel. 

2. Collector Mater ia ls  

Mo-1/2 T i  (mop. 2610%). 
Refractcry Metals Plant  f o r  Northwest Industr ies ,  Inc, 

Element Content (wppm) Element Content (wppm) 

Fabricated by General E l e c t r i c  Company 

C 
0 
H 
N 
A 1  
Ca 
S i  
TJ 
Fe 
C r  
N i  

160 
24 
1 

25 
40 
50 
35 
40 
15 

< 10 
10 

cu  
Mn 
ME 
Sn 
c o  
Ag 
Pb 
Z r  

T i  
Mo 

not detected 
10 
60 

not detected 
1 1  

I t  

11 

11 

0.5& 
balance 

C b - 1  Z r  (mop. 21~10%). IIaynes Alloy Cb-751, fabr ica ted  by Union 
Carbide Corp., S t e l l i t e  Division. 

Element content ( wppm) 

C 
0 
H 
N 

Z r  
Nb 

70 
55 
4 

54 
0 95% 

balance 

3. Capsule Materials 

Molybdenum (mop. 2625 “C). Molybdenum capsule bodies and caps 
were fabr ica ted  f o r  a previous pro jec t  (Reference (20)) 
*om rods of arcmelted molybdenum. 
quoted t o  be 99.w~. 
O2 Fe, C 10 ppm; and Si ,  < 10 ppm. 
capsules am3 caps w a s  done using chlorethene as a lubr icant  
because it has been found t o  contaminate t3e metal surface 
less than other rnac:iininG lubrican’is. 

Its nominal p u r i t y  w a s  
The c e r t i f i e d  impurity levels are: 

3 ppm; H2, < 1 ppm; C, 140 ppm; N2, 9 PPI; N i ,  < 10 ppm; 
The machining of t h e  

T-222 Alloy (mop. - 3030 “c). Capsule bodies and caps of’ T-222 
vere fabr ica ted  by Wah Chang Corporation. 
given is  f o r  t h e  ingot from which the  capsule bodies were 
made, heat # 65032. 

The ana lys i s  
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Ingot Analysis, Composition, $ 

Top Bottom 

W 9.4 9.4 
Hf 2-70 2.0 
Ta balance 

Ingot Impurities, wppn 

TOP Bottom - 
C 
Y 
N 
0 
A1 
Cb 
CO 
Cr 
cu 
Fe 
Mo 
N i  
S i  
T i  
v 

130 

17 
< 50 
< 10 
~ 3 0 0  
< 5  

10 
< 20 

20 
< 10 
< 10 

20 
< 20 

15 

1.9 
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STP.TISTICAL TREATMEITI? OF TANTALUM AKALYSIS 

DF 

(K-2) = 2 

The s l ; a t i s t i ca l  Ircai;trenk or̂  5.  e data o3tained i n  ana ly t i ca l  procedures 
$,evelopent s tudies  aescribed previously i s  6incussed belor:. Tile data used 
irere t:iose o3tained from l'sczmple" s o l u t i o i s  cor?tainine; (I) tantalum only, (2 )  
tantal im plus moljiocicnm, (3 )  tantalum plus  lithim, and (4 )  tantalum plus  
molybdenum plus  lithium. 

Sum of Squares 

0.0012367 

Equations f o r  t he  regression curves are as follows: 

(1) T a  alone: y = -0.010137 + 0.015676~ N = 16 

(2)  T a  + 140: y = -0.013095 + 0.017948~ N 15 

A 

A 

A (3) T a  + L i :  y = -0.006615 + 0.01623~ M = 14 
A (4) T a  -+ 140 + Li :  y = -0.013516 + 0.018228~ N = 24 
0 

Pooled: y = -0.010639 + 0.0170689~ ri = 69 

where x is micrograms of tantalum, 
reg-ession relat ionship,  and N is the  number of o5servations. 

i s  t h e  o p t i c a l  densi ty  estimated from tine 

The sua of the  squares of t ,  deviations fron t h e  best l i n e  drawn through 
eacii set of data separa te ly  (E y ) represents  t h e  minimum deviation which can 
be obtained by a s t r a i g h t  l i n e  cor re la t ion  and was used as an errar estimate 
f o r  t e s t i n g  t h e  s ignif icance of other deviations.  The sum of t h e  squTe3 of 
deviations from t h e  best l i n e  through t h e  means of t h e  set&of data (cTm) i s  a 
measure of any t rend  f r o m  one s e t  of data t o  t h e  next. 
squares of deviations frm separate  l i n s  drawn through ea& set of data, but  
a l l  drawn with t h e  same slope, while c y is  the  sum of squares of deviations 
frm the  best l i n e  thrOUgh a l l  t'ne data. Using t h i s  symbolism, the ana lys i s  
of variance can be summarized as shown i n  Table XXX. 

C y is  t h e  sum of 

Table XXX 

ANALYSIS OF VARIANCE 

t. 2 Means Correlation C y 

Difference between Z p  - y - y 
means slope and 
pooled slope 

'6 2 .$A2 

Between slope c y  - E$ 
Error E' 9 
T o t a l  c?;; 

W 

1 o .om171 

!lean Square 

0.00061835 

0.000171 

0.000188 

o.000076245 
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Mean Squares Ratios:  

Between Slopes/Error = 188/76.245 = 2.4657 

F( 6:) 0.01 = 4.13 
0.05 = 2.76 
0.10 = 2.18 

D i f f  e r e n c e b r r o r  = 171/76.21~5 = 2.2428 

0.10 ' =  2.79 
0.25 = 1.35 

F( 6;) 0.005 = 5.80 

The r a t i o  of t h e  "between slopes" mean square and the  "error" 
mean square of 188/76.245 = 2.466 were t e s t e d  against  F at 3 and 61 
degrees of freedom. The F values a r e  2.18 a t  t h e  0.10 l e v e l  and 
2.76 a t  the  0.05 l e v e l  ind ica t ing  t h a t  t he  amount of deviation re- 
moved by using individual  least-squares l i n e s  f o r  each set compared 
t o  t h a t  removed by using a pooled slope f o r  a l l  sets i s  s l i g h t l y  
s ign i f icant .  There i s  less than 10 per cent  and more than 5 per  
cent  chance of being i n  e r ro r  i f  t he  l i n e s  are considered not t o  have 
a common slope. 

The r a t i o  of t he  "difference" mean square t o  the  ''error" mean 
square of 171/76.245 = 2.243 appears t o  be of no s t a t i s t i c a l l y  
v a l i d  significance.  

The r a t i o  of t h e  "means" mean square and the  "error" mean square 
of 8.11 i s  very highly s igni f icant .  
chance of being i n  e r ro r  when comparing t h e  amount of deviation 
removed by a l i n e  through the  means of the  s e t s  of da ta  with t h e  
minimum deviat ion a t t a inab le  and re jec t ing  t h e  hypothesis of equal 
variances, showing there  i s  some t rend  f ran  one set t o  anotner. 

There i s  less t h m  0.1 percent 

By use of Student 's  t test, t'ne means of t h e  individual  s e t s  can 
be compared t o  the  mean of tantalum alone, as follows: 

S e t  t calculated ( D. F. ) Significance 

T a  + L i  0 507( 26) no s igni f icant  difference 

- 

< t ca lc  < teO1 

< t ca lc  C tool 
.025 

.025 

t 

t 
T a  + 140 2.385( 27) 

2 395 ( 35 1 T a  + Mo + L i  
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These data appear t o  ind ica te  t h e  presence of Mo t o  be s t a t i s t i c a l l y  I 
I s ign i f icant  i n  the  determination of Ta. The p r a c t i c a l  extent  of this difference 

w a s  investigated.  Using the pooled data, the  variance of a s ingle  estimated 
1 value ( Y . )  was calculated ard the 95 percent confidence l i m i t s  f o r  a measurement 

at 2 p,g h d  10 fig Ta vere determined. 
T a  + Mo + L i  set. These values were found t o  be indis t inguishable  f rm each I 

other. 
fidence l eve l ) .  

A similar value was calculated f o r  the 

The value for  tne uncertainty i n  Yi i s  equivalent t o  i 1.2 bg (95$ con- 1 

An earlier observation t h a t  t h e  slope of the extracted T a  curve was about I 

85 percent of that of t h e  unextracted curve gives r$.s&to a suspicion of in- 
complete extract ion.  Use of a radioact ive t r a c e r  ( a )  indicated that 9 I 

percent was recovered i n  t h e  ex t rac t .  
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